{j 0

NACA TN No. 1434

o=

w

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS 5

TECHNICAL NOTE

No. 1434
3 DEC 1847
' A METHOD FOR CALCULATING THE HEAT REQUIRED

FOR WINDSHIELD THERMAL ICE PREVENTION
BASED ON EXTENSIVE FLIGHT TESTS IN
NATURAL ICING CONDITIONS

By Alun R. Jones, George H. Holdaway
and Charles P. Steinmetz

Ames Aeronautical Laboratory
Moffett Field, Calif.

~WFE—

Washington .
November 1947

FOR REFERENCE -
W

ANL A M
NA-CAEIBRARY —
LANGLEY MEMORIAL AERONAUTICAL

LABORATORY -t
Langley Field, Va.



[ ..\.‘

ERRATA
NACA TN No. 1434

A METHOD FOR CALCULATING THE HEAT REQUIRED
FOR WINDSEIELD THERMATL, ICE PREVENTION
BASED ON EXTENSIVE FLIGHT TESTS IN
NATURAL ICING CONDITIONS
By Alun R. Jones, George H. Holdawsy,
and Charles P. Steinmstz
November 1947

The following changes to the subJect report should be noted:

Page 25, last li%e in third"full paragraph: "
Change 12 percent +o read 23 percent.

Page 28, line 3: Change "1000" to read '1190."

Page 31, equation (19) should read:

w = 0.225 I U,nC°m

100

Page 32, the first equation for M should read:

2

M= 0.225 -L Um G
100 ang(l - cog 9M>

Page 32, équation (21) should read:

- e
M= 0.225 200 (L - cos 6y)

Page 32, equation (22) should read:

- ooms __Mm
w = 0.225 200 (l - cos GM)

Page 38, center of page, the compubtation of M should be
v writtens: -

ﬁUdm
200(} - cos 6p)

M= K = 0.225 = 6.13 1b/hr, 8q Tt



Page 39, last line, the computation of g should read:

q = 14.8 X 1.633 X 35 - 6.13 X 35 - 0.832 x 14.8 x 0.8(2.05)%
= 1018 Btu/hr, sq ft

Page 47, teble VI, the last three columns of the table shoul
read as follows: -
0 0 0
<48 <1.78 <2.06
14k 19.2 22,3
384 16.9  19.6
720 2.7 1.7

Page 51, table X, column 8 (flush windshield) should read:

%60
830

1190
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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 1h3h

A METHOD FOR CAIDUIATiNG- THE - HEAT REQUIRED
FOR WINDSHIEID THERMAL ICE PREVENTION
BASED ON EXTENSIVE FLIGHT TESTS IN
NATURAT: ICING CONDITTIONS

By Alun R, Jones, George H. Holdaway,
and Charles P. Steinmetz

SUMMARY

CAn equation is presen‘bed Tor calculating the heat flow required
-from the surface of an intermally heated windshield in order to
prevent the formation of ice accretions during flight in specified
icing conditions}y To ascertain the validity of the equation,
(comparison is made between calculated values of the heat required
and measured values obtained for test windshields in actual Tlights

. in icing conditionse .

The test windshields were internally hested and provided dats
applicable to two common types of windshield configurations; namely
<the V-type and the type installed flush with the fuselagée contoursy
These windshields were installed on & twin-engine cargo ailrplane and
the lcing flights were conducted over a large area of the
United States during the winters of 1945-46 and 1946-Lk7. In
addition to the internally heated windshield investigation, some
test data were obtained for s windshield ice-prevention aystem in _
which heated air was discharged. into the windshileld boundary layer.

The general conclusions resulting from this investigation are
as follows:

1. The amount of heat vrequired for the prevention of ice
accretions on both flush- and V-type windshields during flight in
specifled icing conditions can be calculsted with a degres. of
accuracy sultable for design purposes.

2. A heat flow of 2000 to 2500 Btu per hour per square foot
is required for complete and continuocus protection of a V-type
windshield in flight at speeds up to 300 miles per hour in a
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moderate cumtlous icing condition, For the same degree of protection
and the seme speed range, a value of 1000 Btu per hour per square
foot suffices in a moderate stra‘us lcing condition.

3. A heat aupply of lOOO Btu per hour per Bquare foot is
edequate for a flush windshield located well aft of the fuselage
stagnatlion region, at speeds uv to 300 mlles per hour, for Fflight
in toth stratus and moderatecumnloueicing conditions.

4. [ The external air discharge system of windshleld thermal
lce preventlon is thermally insefficient and requires a heat supply
approximetely 20 times that required for an internal system having
the same performeance,n * :

INTRODUCTION I D e

For several years <the NACA has engaged in a broed research
program on the problem of the prsvention of ice formations on
alrplanes. Particular attention has been given to the utilization
(in various thermal ice—prevention systems) of the available waste
heat in the engine exhaust geses.

One part of thies lcing research program has been-concerned with_
the Investigation of.thermal mesns of windshleld ico—prevention.
The first satlsfactory solution developed was the deiiblo—panel-type
system described in reference 1 and tested on the Lockheed 12-A4,
Corsolid?ted B2k, and Curtissawright C~46 airplanes (referancaﬂ 1,
2, and 3 ) )

~The'te$ts of refersnce 1 resﬁlted in the tentative specifica—
tion of a’heat—flow réquirement of 1000 Btu per square foot per hour
through the windshield outer surface. This value was based on, date
obtained faor a V—type windshield at f1light speeds up to 150 miles

per hour. The Tlight investigation of reference 2 was also corﬁuota&

with a winddhieéld of this configuretion; and the specification
appeared adequate. Thé heated-alr flush windshield instellation in
the C-46 airplane .(rsference 3) provided satisfagtory protection,
but did: not serve-as a check on the validity of the 1000 Btw per
hour per.square foot specification for all types of windshlelds,
because ths windshield. configuratlon had appreciably differont icing
characteristics then the V-types previously tested:

Although thewe 4nitinl researches.provided some inTormetion on
windshield heat requirements, the results were empirical in natur
and could not serve as a fundemental basis for the prodiction oflthe

-
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heating requirements for windshisld configurstlons ard flight
conditions different than thoaze investigated:> Accordingly, a
fundamental windshield icing research was underteken.. Thls research .
infernally heated windshields, and subsequent flight tests to
determine the applicability of the deslgn equations resulting from
the analysis. In the flight tests the heat flow from the surfaces
of various special test windshields of different configurations
could be closely controlled and measured.,™ Measurements were also
made of the windshield surface temperatures, boundary—-layer
profiles, flight conditions, and meteorological factors during
icing in order to provide dsta on all the basic factors which could
be expected to affect the heating requirement'5

In addition to the research directed toward the establishment
of the heat—flow requirement in the case where the heating was
supplied internelly, a secondary investigation conducted at the _
same time was concermed with the practlcability of ice prevention
. by the means of discharging a Jet of heated alr into the windshield

“boundary layer, This device was initially installed in the
C—46 airplane (refererce 3) as & means of augmenting the intermsal,.
double—panel windshield system with svailable primary air from the
exheust—gas heat exchengers. The test results with this initial
instaellation were sufficiently pramising to warrant further
investigation. '

An anslytical epproach to the external-discharge type of
windshield thermal ice—prevention system was attempted, but the
unknowns involved, such as the mixing of the heated Jet with the
boundexry~layer alr, precluded a reasonable prediction of the action
of this system. Actual tests of external-discharge gystems In
. icing conditions wers considered necessary. It was hoped that
gufficient data concerning the influence of the various pertinent
factors, such as Jet flow rate, size, and temperature in known
icing conditions, could be obtalned to provide an lndication of
the practicablliity of the system and poasibly form the basis for
empirical deslgn equations.‘<00ntrolled heated—aiyr externnlpdischarge
systems, therefore, were investigeted for both a V—type windshield,
and a windshield which was flueh with the fuselage contoursn

The flight tests were conducted in c¢lear alr and in natural .
icing conditions with & C-46 airplene. TIn addition to the windshield
research the flight tests includsd the determination of wing and
propeller heating requirements and a study of the meteorological -
factors conducive to icing.. To obtain test data in natural icing
conditions, for all ports of the research program the C-U46 airplane
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was operated.by the .Ames Aeror:autical Laboratory, Moffett Field,
Celif., during the wintars 19&5—146 ard 194647, _ ) —

The a.pprec_:ia_.tion of the I\IA.CA is extendsd to Unlted Alr Lines,
Inc., the United States Weather Bureau, and tc the Alir Material . - -
Conmand of the Army Alr Forces for ald and cooperation in the }
research, In particular, the services of Major James Murray, _

Army Air Forces, and Capitain Carl M. Christenson end First Officer

Lyle W, Reynolds, United Air Lines, who werved as pilots of the

research airplane, were a valuable aid. to the conduct of the =
inves‘biga'bion. ’

SYMBOLS

The follcwing namenclature ls u.sed. throughout this report- Iy 3&
a radius of va.ter d:roplet 5 centin;eters : Lt s ﬁ
A stﬁ‘face area, square f‘eet B : - -_ Z— j_;;
Ap T __projected ares, square feet _ o : E
b . projected helght of windshield or r half of a width of _- - .
ribbon, centimeters . — - P
Cp . specific heat of air, Btu per pound dogree Fahrenheit o
Cp * apsécific heat of water, Btu per pou_nd. degrae Fa.hranheit -
c o radius of & sphers, feet - f :-__ L
D . B signlficant dimension of windshield. used in determining e -
- Reynolds number, feet o L inr rwm
e ~ _ water.- vepor pregsure, inches of mercury _ ) _' . “ ;
g . acceleration dus to ére.vity, feet per second, second . o
h~ . cénvectlve heat=transfer coefflecient through the wind— .
shield bound.a.ry layer, Btu per hour, square foot, degree =
Fahrenheit
J machanica.l equivalent of heat, foot-pounds per Btu - S C
k o tirlez&nal conductivity, Btu per hour, squares foot, -

degree Fahrerheit per foot e
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K

dimensionless" qpantity dbtained from reference L and

. L [ermB,
* dafined in the symbols of this report as ey
&

-length of o windshield penel or a flat plate in the

direction of local -alr flow, feet

latent heat of evaporation at eur‘ace temperature, Btu
per pound of water

"ligquid water content of the air, graﬂe per cubic meter -

woight rate of water impingement per un;t‘area, pounds
per hour, squere foot - :

baromstric pressure, inches of mercury

o

c N .
Prandtls number —Eié'},DOndimensionel
~ A .

wnit rate of heat flow, Btu per hour, eqﬁare foot
rate of heat supply, Btu per hour
recovery factor equal to Prl/s “for turbulent flow

D
Reynolds mumbexr < E—-) , nondimensioral
Hg

. distence from the region of air stagnation, foat

temperature, degrees Fahranheit

* kinetic temperature rise of alr, degrees Fahrenhelt

kinetic temperature rise oP the water droplets, degrees
Fahrsnhelt . :

temperature, degrees Fahrenheit absoluts
lotal velpcity inside boundary laysr, feet perfeecond
velocity, fest per second

weight rate of water impingement, pounds -per hour



6 NACA TF No. 1h3h
W - - Welght of hegted alr suppliéd, pounds per hour
x S distance glong windshield in the directlon of air flcw,
*- ——— d4nches ) - .- T o
o ' - 0.652 Lo /¢

X : evaporation factor, defined as 1 + £ <Bﬂv_e°>

' - 5_J,¢ﬁ5 tg~to
¥y distance normal to the windshield surface, inches _
(o " angle betweon the plans of & wirdshield end a Plane

normel to the streamlines around the forebody of the
windshisld, degroes

y specific weight of air, pounde per cubic foot or erens
B pexr cubic centimspter L : L C e mroe-
Y - mpecific weight of* ths watnr drOplcts, grams pcr cubic
centimerteapr
€ emissivity of -windshield pansl
n - - efficlency of watsr lmplngsment, percent -
Onm " half the central angle of the total area of impingement
on & spherical surface, degroes . e e
s - viscosity of air, gram seconds pey squere oent;meter .
¢ -dimensionless quantity obtained from reference L and

18v2Ub
defined in the symbols of tals report as g

Subscripts

¢ : éalculat@d | o _ -
B experimental e - )

1 local conditions Just outside the bourdary laysr

0 - peference o ambient or frec-stream air coqditions _ ;l
a - » ~reference to wirdshield external surs ac°400nditions

av average condltions
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ANAT.YSTS

. Ice formations on aircraft occur duing flight through formations
of supercooled droplets of water. Upon contact with an unheated
surface, the water freezes and lce accumulates at a rate dspeniing
upon the efficiency with which the surface intercepts water droplets
from the free alr stream. With a heated surface the meajority of
the water evaporated is evaporated at the -surface, although a few
small drops mey be evaporated in the boundary layer. The maximum
rate of evaporation oscurs when the heated surface is fully wetted,
end it is for this condition that the following analysis applise.

The unit heat flow from the outer surface of a windshield
during flight in icing conditions can be considersd a8 the sum of
four individual heat losses, or

: e=a vaptagta, . (1)
where
as heat loses dus to forced convection
az heat loss dus to:evaporatioﬁ of the impinging water
és' "~ heat loss due to warming of the impinging water
q, heat loss due to radiation to the surrounding étmoéphere

Bach of thess individual ueat flows willl be anslyzed.

"Heat Loms Dus to Convection

The equation for the heat losa due to convection, including
the effect. of kinetlic heating, is written

= h(tg-bodty ) ) (2)

where
‘ | S "y
Aty, = 0.~ + 3)

. EngP _ 2ngp
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Equation (3) is obtalned from references 5 or 6 which also astuate
that the recovery foctor r eguels Pr'/? for turbulent flow,

The first term of equation (3) represents the adicbatic
heating or cooling of the air Jjust outslide the boundory layer
caused by the change in velocity fram Uy, to Up. The sccond

term of the equation represents the heating of the air which occurs
as the velocity is reduced from Uy +to zéro. Equation (3) cen be
- approximated by the gimplor form

- 2
= 0.832 ! Jo_ N ' L

% 32 ¥\ 106/ AU (_) R p—
Several equations for calculatling thse coefficient of convective

heat transfer h from a flat plate have been dsveloped, and a

comparison of these equations has been made Iin refererce 7. For a

turbulent boundary layer, the general form of the coefificlent was _ P

presented as N . _

' UJ_'}’GP - .
Ete/gRo.a : & L

Following the presentaticn of equation (5) in reference T, various
specific forms of the equation are derlived by exprsssing the
properties of air as a function of the avereg: temperature of theo
alr in the boundary layer. The coefficient at any distance 3 from
the leadling sdge of a flaot plates- for the region of turbulcnt flow,

is glven as
0.5 o - ‘ .
h=0,51T, °'3<E > (6) L

| h =.0.0296 x 3600

where . _ P — —
Tﬁv averagé temperature in the boundary layer
Ui veloclty outside the boundary layar at distonce s from

the leading edge _ _ - : e

For o turbulent boundary layer extending from s=¢ *to
s=1 on e flat plate, the average coefficlent is presgented as

: ' 0,8
b =.0.61 1,000 TAL) 0

10025
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. Heat LCss Due~to'Eyaporation

As mentioned previously, the moximum rate of evaporation .
occurs when the surface is fully wetted. Since this conditiohn
requires the meximum heat supply to maintain a glven surface
temperature, it is chosen for design, In order to establish the
minimm heat requirement to prevont frasezing of the water on the
windshleld, 1t is assumed that eufficient heat will be supplied to
meintain the temperature of the windshield surface and the water.
thereon at 32° F, - Since water runback Trom the heatedrwinishield
area 1a of little consequence, no effort is made to evaporate “all’
the water interceptsd by the windshield; such a requirement wouwld
impose on exorbltant heatlng load in some cases,

Using the equations of refersnce 5 and the symbols of this
report the rate of heat loss dpe to eveporction is

q-2_0622h1,s<5_:"> - (8)
PO , . "

Heat Loss Dus to Warming the Impinging Water

Reference 5 glves the baesic equation for the dissipation of
heat to the water that iz lntercepted by the windshiseld, but a
kinetic heating term is added in this report since the loss of
energy by the water droplets eassumes an appreciable value at
airspeeds of 300 miles per hour or greater.

Qg™ Mc.pw (t 8 O—A‘tkw)

where : . (9
. . 2 .
Mgy = -_U.O_-_-_0198< Yo
o 2gJop, . 100

and M is the avcrage weight rate of water impingement per unit
area of windshield and. is glven by ' .

= 0.225 -B- Ugm ~& 2y . (1_0)'

Since the streamlines and drap trajsctories for various types

of windshields are not now available to calculate the efficlency of

water impingement n, date for spheres or flat ribbons can be
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utilized to give approximate impingement values. Curves presenting -
efficlencies of water irpingement for cylinders, sphsres, and
ribbons. are given in reference UL together with a discussion of
their use, - :

Heat Loss Due To Rediatior” - . . .

The hcat lésé dvue to radiation from the windshield surface te

the swrrounding atmosphere is usually of small magnitude. It can
be calculated from the Stefan~Boltzman equation. T

: /1, ] o
q‘" o 173 & [\ 100) \J,oo e (l:_L_) - —

Summation of Heat Losaes ) ' .

Ccnmbining eguations (1) to (11), the complete equation for the
dissipation of hsat from a windehield surraco in conditiona of .
icing may e written ' =

q=h( —t~0832r<”>1!-0622h1.<e 6°> i
+ Me [t =t .-0.198<99-> ] +-0.173 € ( > (
By 89 100 X i 1oo 100 / L.

(12) , .

For flight speeds under approximetely 200 miles per hour,
equation (12) may be simplified by neglecting the heat lose due to
radiation and the kinetic heating of the impinging water, Regrouping
the terms to segregate the primary heat Josses, which are due to
convective heat transfer and evaporatior, fram the sccondary offects
of heating the impinging water and kinetic heating of the air, equa—
tion (12) becomes

= HE(tto) * U(t—to) ~ 0.8 h*"&;l%a) an
| D Ffm
~ . :Hr '_5

- ¥ -

s A g '
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where

oo 0,6 : '
%=1 2:%22s ("S‘%) - S aw
CP Po ts—to .

‘A similer grouping was used in references 5 and 8,

DESCRIPTION OF APPARATUS

- The reeearch reported herein was conducted in fligh'b using a
C-U6 cargo airplane (refersnce 3) modified to incorporate an NACA
thermal ice-prevention system which permitted continucus.operation
in naturel icing conditions. The airplene 1s shown in figure 1 as
equipped for the winbter of 191L5-1Lé and in figure 2 as operated. in
the winter of 19L6-L7, -

-

Meteorological equipment was inatalled to meesure the free-
stream alr temperature and the water drop size, drop-size .
distribution, and liquid water content in icing clouds. A shielded-
thermocouple connected to & millivoltmeter was used to measure the
air temperature., Rotatling cylinders of different dlameters, '
mounted coaxially on a single shaft, were used to determine the
liquid water content, drop size, and drop-size distributions. The
maximum drop size was determined from the ares of water impingement -
on & glngle, nonrotating oylinder, A detalled description of the
meteorological instruments, their use, and typical meteorologica.l
data obtained are presented in reference 9.

-

Internally Heated Windshields

: <Three general types of alrcraft windshilelds were tested to
provide fundamentel heat-~transfer data: flat-plate, flush, and
V-type windshieldsd The first two types were tested during the
194546 operations and the third during the 19L6-L7 operations.’
Each windshield—panel test sectlon was heated by electrical power, -
and the installetions are shown in’ figuree 3, L, and 5.

Flat—plate windshlield,—~ This installatlion was intended to supply
hect~transfer date for two-dimensionzl flow over a flat plate inclined
at different angles to the air stream, It was considered that the
data would be applicable to the deosign of flat~pane windshields such
as those common in fighter and transport aircraeft. The test panel
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was located on the right side of the fuselage of the alrplane as shown

In figure 2. The pansl wae mounted in such a mannor that the anglo

batween its surface and the relative wind dlrection could be varied,

Provision was made to fix ths pmnel in one of three positions: 309,

45°, and 60°, mecsured from the tangent tq the fuselage at the hingo

lino, . T

The over-all surface dimensions of the flat plato wers 13 by
18 inchos, and of this areca 13 by 16.5 inches, or 1.49 squore foot,
were uniformly heated. The henting elements were thin mstal ribbons,
and were capable of disslpating 2500 Btu per hour per square foobt of -
penel avrfece when comneoted in & 2h-volt clrcuilt, For the base of
the panel, a 1/2-inch ghoet of fobric-—laminated plostic was used,
The heating ribbons were cementszd to this bass ond then a l/6h~inch—
thick shest of, laminsted nlastic wos comented on top to.present a
smooth, electrically insulated surfacs to the air stream. Contrally
located in the basse material waes o L, 5-Inch-squore heat meter
(calibrotsd thermoplle, reference 10), 1/64—-inch—thick, to measure
heat flow awoy Trom the test surfaocs. Electrical powsr was supplied
from an alterrator through a 120/24%—volt transformer, and the
voltage impressed on the btest asctior was controlled by meoona of o
ocarbon-pile rhzostet, " ’ :

Terperatures on the surface of the flat plate were mensursd ab
- 10 points by iron—constantan thsrmocéuples which wsre 0.002:inch
thick. The thermocouples were.recessod.in grooves 0.003 inch deep
in the 1/6l-inch-plastic outer sheet, and their Junctlone located os
shown by figure 6. The outer surfece waa thinly painted to provide
& smooth surfzoe end to protect the thermocouples. Additionsl
thermoccuples were located on the back surface of the plate and at
the heat meter. : U

All temperatures were recorded by a self-—balancing autoratio—
rocarding potentiometer with an estimnted over—all accuracy of +3° F.
This degree of accuracy was made possible by the provision of several
colibration thermocouples, with temperatures kncwm to £1° F, asg a
check on the recording potentiometer. The.potentinl of the heat
neter wos dstermined manually with an additional potentiomster, By
measuring the btemperature at the heat metsr,an accuracy of
measurement of heat losses to +10 percent was possible, *

For the determination of the boundarw;lcyqr-velocity_profile
in clear alr, conventional preassure rakes were utillzed and the
pressures wore recorded by photographing a manometer board,

1
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Ice formations on the panel Were photographed with a
16-millimeter cinematic camera which was remotely controlled. The
camera wae located within the fuselage sbout 3 feet forward of the
flat-plate panel, and was fitted with a 90° angle lens vhich
protruded into the'blister shown in figure 3.

Flush windshield.— This wipdshield was installed flush in the
copilot's panel which, at that time (1L945-U46), was flush with the
fuselage contours. .(See figs. 3 and 4,) The test surfacs was -
almost square, though slightly curved, and covered an arsa of ' i
1.16 square feet. Construction of the ‘penel consisted of three _
sheets of glass bonded together with sheets of plastic. Heating
elements of very fine resistance wires were imbedded betwesr the
outer glassg layer and the plastic inner laycr. These wirves wére . LT _
0.0012 inch in diameter and spaced 0,6 inch apart. The panel was a R
comnercial product end. was designed for. a maximum heat dissipation T
of 1000 Btu per hour per square foot. Power was aupplied by direct-—
current gensrators ard the impressed voltage was varied with a
rheogtat. Thermocouples 0.002-inch—thick were cemented to the inner
and outer surfaces of the teest area and covered with clsar spar
varnish. The locations of the thermououple Junctions are shown in
Pigure 6. .

Ice formations were photographed with a box camera having flash
attachmente and located in the pilot's camperiment. Tbmpevatures
and boundery-layer-rake pressures were recorded by the same insuru-
ments used for the flat-plate w1ndshield

.V—type windshield.— For the 1946-4T .operations the flush wind—
shislds were .replaced by the V—type windshield shown in figure 25,
The windshield center post was sloped at an angle of 57° (measured
from the horizontal during crulsing flight) and the included angle
of the V was 86° measured in the horizontel plane. The fabrication
of the pilot's and copilot's panels was identicel and comsisted of
threé sheets of glass bonded together with interposzed shaets of )
plastic (fig. 7). Heating of the panels waes attained through e T
transparent, electrically conductive surfeace costed on the outer
sheet of glass on the surface adjacent to the plastic inner layer.
The panels were e commercial product and were capoble.of dilasipating
2000 Btu per hour per square foot. Althougti the panels wers
trapezoidel in shape, the heated ares was rectangular with the bus =~ :
bars applied the full, length of the rectangle along ths top and _ -
bottom edges to insure uniformity of heat distribution (fig. T). The
heated area of each panel was 1k.5 by 25 inches or 2,52 sduare featl,
Power was suppllied by an altprnator and the voltage was controlled
with a variable transformer. Thermocouplea 0.002—~inch~thick were
cemsnted to the inner and outer surfaces of both windzhlelds and

e e———— =S
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covered with clear spar venish. Locations of the thermocouple
Junctions are shown in flgure 6.

Photographs of ice accretions on the windshlelds were taken
with a camere having & synchronized flash attachment, Temperatures
were rscorded in the same manner ag dsscribed for the flat—plate
windshield

14

- External AiraHeated Windshields
FJush windshield.~ The original windshiela heating system
installed in the C-46 airplane included both an intermal double—
panel heating system and. an external-dlscharge heated-ailr heating
system as discussed in references 3 and 11, The priginal system .
was modified as shown in figure 8 for the 1945-46 operations. The
inner heating system was removed, the heated—alr discharge slot for
the outer system was decreased to three-sixteenths inch, and the
extent of the discharge slot was reduced to a width of l foot at
the bottom of the pilot's windshield, starting at the center post,
The heated air waz supplied by exhaust—=ges heat exchangers, and the
alr flow rate was measured with & lb-inch venturl meter. A butterfly
valve was Installed to control the quantity of heated air flowing
from the dlscharge slot.

Windshleld surface. temperatures were measured with thin iron—
constantan thermocouples cemented to the ‘glass and covered with
geveral coata of spar varnish., Nine thermocouples werec located on
the outslde surface and three were located on the inslde surface,
as shown.in figure 6. Thermocouples were located at the venturi
moter ard’ just inside the discharge slot to measure the heatsd-air
temperatures. Two temperature rakes were installed on the windshield
outer surface for the determination of the temperature profile in
the heated-air Jet in a few clear~air flights., These rakes consistod
of nine thermocouples at differsnt heights above the windehield
surface up to 1-1/2 inches. "All thermocouples were connected to a
recording potentiometer, and the estimated over—all accuracy wes
about 3% F,

- A pressure rake was installed for the deteyrmination of. the
heated—ailr Jet~velocity profiles in clear-alr flights, The raks
consisted of 18 pressure probes mounted in the form of a triangulsr
prism with its base on the windshield surface. Three of the
Pressure probes.were static tubes and thz remainder total-pressurc
tubes. These pressures, along with the venturi meter pressurea,
were reccrded by photographing an alcohol manometer board.

{
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Two methods were employed %o .obtain an indication of the .
quantity of heat flow from the externsl Jot. through the windshield
into the airplane cabin, The first method consisted of the cplcoulo~—
tion of the heat flow based on the measurecd tcmperature.difference
between the windshield surfaces snd the known thermal conductivity
of the windehield materials., In eddition to this calculation, a
L,5-tnch~aquare heat meter was located on the inner surface as shown
by figure 8. Th= potential across the heat metsr was read by an
indicating potentiometer, The estimnted occuracy of the heat flow. &
as determined with the heat-meter iﬂsuallatiov ie approximately
+15 percent,

V—-type windshield,~ For the 1946-L7 operations with the V-type
windshield, one %/l6~ingh oxternal  discharge slot wos located along
the bottom edge of the pilot's windshield snd another along the
center post between the windshieslds with the heated air directed
over the pilot's windshnleld. Each slot wes 1 foot in length. The .
b—inch vsnturi meter was replaced by two 3~inch venturi meters
equipped with thermocouples to measurs ths flow rets independently
to the two seperate dlscharge slots over the pilot's windshield.
The airuflow rate to each slot could be adjusted independently
although a certdir amount of interdependsnce existed, eince both
slots recelved air from the same sourcs of supply. A booster blowsr
was installed in the main supply duot 1o increase the total qu&ntity _

of heated air available to the slots. . .

. The Iabrlnation and location of thetmocouples instelled on, the
pilot's parel were described in ths preceding description of the ]
V-type windshields, In addition to the thermocouples on the wind—
shield surfaoce, 'Tour thermocouples were installed Just insids the
center—post discharge slot, and slx thermocouples were located Jjust
inside the slot at the bottom of the pilot's windshield., These
thermocouples were located so as to measure the heated—air
temperaturea Just before the air was discharged from the slots, A
self-balancing potentiometer was used to record the temperatures.

The prossure differentisls at tho venturl meters were indicoted
by stendard differentlal pressurc gages and recorded by o standard
NACA 60—cell recording manometer.

-

TEST PROCEDURE S oo

The clear—air flights wore conducted at the. .Ames Aeronautical
Laboratory, Moffett Field, .Calif. In the case of the icing flights,
the Laboratory served as a main base and operations in search o



16 7. : S NACA TN No. 1434

loing conditions were conducted over & conslderable aree of the
Uniteé States. The 1945-46 operations, consisting of over 40
flights, were conducted mairly in the Paclfic Northwest and North
Central States. The 194647 operations included this geme ares
and, in additlion, some icing conditibns were encountered in the
Central Southern states. .

The flights in clear air were made to check or modifiy the
theoretical equations for convective heat—transfer coefficlents
and to measure the degree of kinetic heating -experienced by the
windehields,

Icing Flights

The test procedures employed werea substantially the same for
each test windshisld, Therefore, the following discusbion applies
to the operations of both winters., When icing conditions were
anticipated, the windshield power was burned on or, in the case
of the heatwid~air Jet, 'the valves were opened, Before entering
the icing condition, the heat to the windshields was adjusted to a
gotting greater than the expected requirements. After a stablliza~

tion period of several minutes the recording instruments were started’

and the cloud .was entered, -After the completlon of one run, if no
lce formed, the-heat supply would be decreased and the equipment
allowed to stabllize for 10 minutes before the next set of data was
teken, The heat input ‘o each windshleld was reduced in this manner
to approximetely the minimwm amount required to kesp the heated

surface free of ice accretions. Tor the pllot's and copllot's wind—

zhields, the value of minimum heat required was established By
visuval observation of the start of ice acerstions on the windshislds.
Since the surface of the flat-plate panel could not be observed by
the windshield engineer, the outer—surface temperatures wero
regulated by changing the heat input so that the lowest temperature
would be Just above Treezing.

The pilots always made an attempt to hold the altitude and -’
alrspeed constant during a specific test run, but severe turbulence
gometimes made this dmpossidle., The durailon of a test run vaeried
Prom e feow minubes in the top of & cumnlus cloud to several hours
in an extensive stratus layer. For a few runs in the smaller cloud
formations, the-airplane was flowd In & cilrcle in order to remain in
the cloud long enough to obtain a complete set of meteorologlcal and
heat—transfer data. None of this latter type of data has been
prosented unless the conditiona were Ffalirly stable for at least.

5 minutes after an equipment-heating stabilization psricd of 10
minutes,
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In addition to the flight and meteorologicel condlitlons, &
continuous record was kept of the following windshield dota: heat
supplied, immer— and outer-gurface temperatures, photographs of ice
formations, and the heat losses irward as indicated by heat meters.

Clear-Alr Tests

Clear—air flights were conducted in level flight at various
altitudes and airspeeds to cover the comditions encountered during
the lcing operations. The test flights were made in.a dlrsctiqn
away from the sun to minimize the effscts of solar radiation.

First, flight date wers taken without any power supplied to
the windshields. By measuring the surface~tempsrature rise above
Free—stream temperature & basls was established for comparison
between the indlcated recdvery Pactor of equation (), and the
theoretical value Prl1/® ror turbulent flow.

A check for possible significant edge losses was made by varying
the heat supplisd to the windshield penels while flylng at a constant
alrspeed and altituds., Any variance In the calculated external heat—
transfer coefficient after correction for inward heet losses was an
indicetion of the edge losses, since the effect of changes of e
temperature in the boundary layer on the heat—transfer coefficient
can be consldered negligible for the temperature ranges concernet.,

For seversl ailrspeeds and altitudes, heat was supplled to the -
windshield panels while the temperatures, heat lossss, and veloclties 7
were recorded. These date were necessary for the experimsntal
determinntion of the convective heat~btransfer coefficient h, and
tho establishment of effective values of s or 1 (eguations (6)

and.(7)). o

During the clear-gdir flights after the 1945-U6 operations, a
gurvey of the boundary layer at the center of each test windshield
was mads with a pressure rake. The dats were used .to determine the
boundary—-layer thickness-and the variance of the locel veloclity
outside the boundery layer with changes in ailrplane velocity., Both
pressure and tempsrature boundary-layer surveys were made in the
heated-alr Jet over the Tlush windshield installation. ' . -
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S RESULTB oF mEsms ' .
Intérﬁally Heated Windshields

Local slr welocities and convective heat—transfer coefficients.—

The values of local air velocity Just outside the boundary layer at

the center of. the flat—plate panel and the flush windshisld are
presented in flgure .9 for various airplane speeds and altitudes. In
figures 10, 11, and .12 the convectlve heat—tranefer coefflclents,

based on the measured surface temperature at the center of the flat—
plate and the known hest flow, are presented. ' The coefficlents for the
flush penel are not presented because of difficulties experienced

with the measurement of the surface temperature. In the case of the
V—type windehleld only a few values of the heat—transfer coefficient
obtaired in clear alr are avallable. These data were sécured

between the icing encounters and, since the date were recorded at
different flight altitudes, they do not form a satlesfactory bdels

for curve plotting in the same manner as figures 10, 11, and 12,

This information is presented in the following table: ce e

- Preséare. T - .Frée—air ' Windshield h
Tegt ue Bt
no. | eltitude, | &lrspeed| temperature tg;;ﬁgggure aquEt -
(£t) (mph) ("F) (°F) (°F)

1 12,000 178 20 73 23,k
2 10,800 200 18 €5. 28.5
3 9,800 17h 39 73 23.0
L 7,800 175 30 66 26,5
5 6,000 170 35 70 25.2

E
i

Meteorological and heat—transfer date during icing conditions.-

Tebles [ and IT_present the meteorological data for the two winter's
operations which have been selected for discussion in this report.
Thesé date represent only a small portion of the metecrological
information recorded, but have heen selected as the tests which
supply the most satisfactory combination of simultansous meteoro—
logicel and windshjeld heat~transfer data. A complete tabulation

of all the meteorologlocal data obtained in the 1945-L6 operations

is presented in reference 9, which also includes & detailed .
discussion of the procedures employed to obtain the test results. _ o
‘ T el ’ R



NACA TN Ne. 1u3h _ = 12

The rotating-cylinder method utilized to measure the liquild water
content and mean-effective drop-size values, presented in tables I
and IT, provided a l-~minube average of the icing conditions, since
this was the time of exposure of the cylinders.l The windshield
heat—transfer data required about * 2 minutes to record and the
rotating cylinders were exposed at some tlme during that interval.
The meteorological data of icing conditions 4, 5, and 6 of table I
were obtained prior to.the installation of the rotating cylinders,
hence the maximum drop~size range encountered during the heat—~
transfer test interval is presented.

The heat—tranafer data for all three of the internally heated
windshields in conditions of icing ere presented in table III, Al
the heat.flow values preaseanted in the table do not represent the ™
minimum requirement for the particular lcing condltlon, since cases
Tor which satlsfactory meteorological and heat—transfer data were
obtained together d1d not always occur at the minimum valus of heat
flow., .The surface temperatures presented in table IIT are the
arithmetical average of the recorded values for the several thermo—'
couples on the surfaces. Photographs and sketches showing the ice
accretione on the heated windshields ahd surrounding surfaces for
several of the conditions encountersd sre presented in figure 13
to 23, : .

. External Discharge Windshields

Temperature and velocity gradients.~ The temperatures of the
windshisld surfece gt various distances from the heated-alir discharge

elot for the flush windshield installation are shown in figurs 24.
The temperature and veloclty gradients in the Jet for the same
windshisld installation are presented in figures 25, a and 26.

Tcing tests.—-Table v presents the windshield (flush) aurface
temperatures measured during operation of the external discharge
Jet In iecing conditions. An indication of the ice—prevention actlon
of the external discharge Jeot for the flush windshield instgllation
can be seen in figure 15. The effect. of the V~type windshield
external Jet (pilot's side of windshield) is ghown in figure 20. The
incomplete removal of ice accretions shown in this figure was typical

lMeanreffective drop size for a cloud semple 1s defined as the -
diameter of a water drop for which the amount of water existing in

water drops larger than that drop equals the amount of water in drops
smaller thar the drop. . -
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of ths opsratlon of the external dlscherge system ori the V-type .

‘The tempsrature limitetions of -the windshield panol:
procluded the ues of additional heated air in an attempt to removo
the raaidual accretions. .. . .

windehield,

Since- the main- obJective of thls report iz to establish
fundamental design equations for the calculation of windshield heat
requirements in speciiled icing conditions, equation (13) will be
discussed in the light of the’ teat data to establish 1ts usefulneas
The anplicability of thils equation for the

-hPrediction-of=Heatiﬁgchquireﬁent for
Internally Heoatsed Windshlelds

Tor this purpose,

determination of heating requirementz can best be evaluated by a
comparison of calounlatzd and meazured values of heat flow from the
windshield surface, Por the same surface temperaturs, and for
gpeclfied. f1lght and iclng conditions.
can be made, however, means must be established for the determina—~
tion of two components of egquation -{13); namely, the convective
heat—tranasfer coefflolent h and the welght-rate of water impingoment
M. Consequently the following dilscusazion conasiders first the
utilization of the flight-test data to establish means for the
evaluation of h and M with a8 degree ef accuracy sultable for
Although ths methods discussed oare dlrectly
applicable to the test windshields of this report;an effort wes
mede to generalize the technique in order. to provide a design

procedure applicable to othsr configurations and icing flight
/.

deaign purposes,

conditions,

mmmmwm&mmum — In the

determination of the value of the convective heat—transfer coeffi—
clent h, th» pertinent guestion is the sultebility of equation (6)
Tor the calculation oY the coefficient.
and compu.ted valuese of thc convective heat—transfer coefflcient h
For the cuter suwrfane of thes thres Intsrnally hsated test wind—

DISCUSSION

shields therefore will be made,

Considcring firat the evaluation of h for flat—plate, panels,
figures 27, 28, and 29 present a comparison of the measured values
of h at each panel apgle and at various altitudes and alrspeeds,
with values calculated by equation (6).
measured values of h have been taken from figures 10, 11, and 12,

TACA TV No. 1433

Bafore such calculations

A comperilson of measured

The curves representing the
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Equation (6) is used for comparison rather than equation (7), since
it has been derived for the purpose of calculating the coefficient

at a given point on the surface and the test data &pply to the center”
of each panel. The values of U; used in equation (6) for the -~
calculation of the coefficients presented in Tigures 27, 28, and 29 -
were the local velocities at the center of the panel az given in -
figure 9. Two values of B8 were used in ths calculations sy ’
representing the distance from the panel hinge to the center of

the venel, and sz the distence from the center of the panel to

the stagnation point at the nose of the airplane fuselage.

In the case of the V;$ype windshield, the calculated values
of h from equation (6) are compared with the test values (see
table presented in Rssulﬁs) in the following table:

Ttem h h calculated (equation (6))
no. measured isy = 0.67 £t ! 83 = 5.0 £t
1 21.3 29,1 . 18.5
2 25.9 33.2 _ 2e.1
3 20.8 29.6 19,8
i 2k,0 32.4 21.6
5 22,7 33.1 22.1

In the computation of h by equation (6) the value of the local
velocity over the windshield was not known and henne the airplane
veloclity was used.

An examinration of figures 27, 28, and 29 and the table just
presented ivdicates that the use of equation (6) provides reasonably
accurate values of the convective heat—transfer coefflcient at the
center .of the test wirdshislds., Ir terming the acouracy of equa—
tion (6) as "reasonsble," consideration has been given to the fact
that no data other than the length and location of the panel and the
local velocity weore employed and the agreement is condidered reason-—
able for such an approximation. A more exnct determinatlion of the
velue of h would require the application of somcwhat lengthy computa—
tion methods to measured values of the boundary-loysr profile, or
the installation of a heating plate in the windshield surfuce and ths
procurement of actual test date. The disadvantages of thsse meoan
must be weighed against the inaccuracy of the gensral gpplication of
equation (6) in determining the method that will be employed to
evaluate h in any fubure design computations. The agrsement
ghown in figures 27, 28, and 29 between the measured values of h
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anéd the values computed by equation (€) 1s about the seme,
irrespeétive of the valus of 8 employed. TIn most instances

the two computed curves bracket the experimental curve, witia the
lower  value of s providing the larger values of h. For desigm
purposes the use- of the lower valus of s should provids heat= : R
transfer coefficients which would probably be scmewhat larger =
than the true case, buk_would be conservative.

The specing of the heating wires in the flush windshield
(0.6 in. betwsen wires) resulted in considereble nonupiformity of
the surface temperaturs as can be observed in the ice-removal photo- .
grephs (fig. 15). As a result the attempts to calculate the . -
convective heat—transfer coefficient for the surface based on the —
messured heat flow and surface—temperature rigse produced qunstlon-
able end erratic values. Consequently a comparison of moasured and -
computed valuss of  h for the flush windshisld has not been tressnizml.

In an attempt to eatablish the sccuracy of equation (13) for
the prediction of the heat requirement, 1t is desirseble to utilizo
the mcst accurete asvellsble values of the various comnononts of tho
squation. Thus although the foregoing discussion indicates that
equation (6) provides reasonably eccvratwvaluss of h (which can
be used when more precise methods ars ncot avallablo o are
considered too complicated for the degree of sscuracy desirod), =
more accurate determination of h would be deosireble For uase whilo
checking the general equation. One possible solution would be to
utiliz> the test values obtalned in cleer alr, but this sysiem has
the disadvantage of inflexibility Fince corresponding clearair
deta were not available for all the icing twsis. The alternative
employed was to determine the value of 8 in equation (6) which
wonld provide the beat averags agreement. between calculatod and
meagured valuese of h for the test range of airspeads and altitudes.

. The determination of an average 8 for the case of the flat
plate panvl at an angle of 450 will be used as an etnmple of the
procedure followed. In figure 11, 12 test points ave plolted as .
measured veluss of h. The data corresponding to sach twst polnt
(h, T, U, and ¥) wers inserted in equation (6) and the vaius of -3
computed for each point. The arithmetical average of the 12 valuea -
of s was calculatsd to be 1.683 fest. For-the destormination of the

value of h at the center of the flat-plate panel when set at 45°

for different velocities and altitudes, equation (6) becomsa: : L

h = 0‘51 _T&Vo -8 TJ(:UGB)O =) = 0.h6 IEDB.VO'B (Ul-;;)-O.S (-L—; i ]
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This sams system wasg employed for-theiorher angles of the flat~
plate panel, and va the" VLtype windshweld, vith the following '
results- . ; . . . ST

i

“Peﬁel angle = 30°, & = 0.37. foot an& h = o 62 Teiy® CU17)° -8, (16)

N

Papel angle. = 600, B =1.93 feet, and h = O. uF Tay 2.8 {U17)° 8 an

) . - - e s T
ntype windshield- SRR _— I - T

‘, 6 .= 1.26 feeu, and h 0.41 TpyC*3 (Uby)°‘8.~.== j;;a.'.

-

) ' . . . - . - - Eperenb
Evaluation of the rate of water impingement.~ Assignment of & .

velue tQ the factor M of equation (13) for specific design purposes
is a problem regarding which very llttle information ie availdble: ™ -
The moslt recent and extenslve treatment of water--drop tradectories
around several generalized obJjects is presented in reference h This
investigation was undertaken primarily to provide & method for 77
estimating the rate of water impingement on an airfoil and, there—
fors, most.ofthe report concerans the interception of ﬁater drops

by cylinde“s vhich are sesumed to represent the forwaré section of ’
the various.airfoils. Soms trajectory calculations, however, are -
presented, for the cases of a ribbon (flat plate normal ‘to ‘the -
direction of air flow).and a~sphere. These calculations are used

in this report to predict the rate of water impingement on the flax-
plate panel (r;bbon) anhd the flush windshield (sphere). -

Considering firet the case of the flat—plate panel the
aosumption was made that the rate of water impingerent on the panel’
would be equal to the rate of impingement on the projectod area of
the panel considered as one-half of a ribbon. (See fig. 30.) The
efficlency of water tmpingement 17 and the weight rate of water
impingerent w for various drop sizes have been cémputed Ffor the
three panel angles at one flight condition and a¥s Presented in-
table V. +t 15 of dnterest to note that for drop dismeters greaﬁer
than 30 microns, as the panel angle is reduced (panel bacoming: move"
flush with the fuselags) the impingement efficlency is 1crédsud but '
the weight rate of wator intorception ie decreased. Since ‘this
latter quantity is the item of gremter significande from a heat—
requirement standpoint, the desirability of low panel anéles is
evident, Optimum benafit of this advantageous featurs would be

-
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expected_to occur with flush windshield installatlions. The flush

irdshield in the C-U6 airplane during the 1945-46 winter provided
OOnthmation in this wrespect, since windshield icing was encountered
in only 8 out of 30 actual flights in icing clouds. Figure 16 shows
the lack of ice accretions on the flush windshleld after a flight in
8 cloud which produced the accretions shown on 3/8—1nch rods located
Just below the pilotls and copllot's windshields.

A second item of intersst which can be noted in table V is the
fact that the maximum calculated effilclency of water impingement is
83 percent, and this value corresponds to exceedingly large drops
for sn dicing condition. This result 1z somewhat surprising, and
possibly in error, since 1t would appeer that the presencse of the
fuselags forward of the windshleld would cause a concentration of
dropa nsay the surface and produce lmplngement efficlency values of
large magnitude, possibly greater than 100 percent, Some attempts
wore made to obtaln an indication of the rete of water impingoment
on the (~46 windshields during the operations, but nothing satis—
factory: resulted.

To obtain an estimation of M the rate of water lmpingement
on the flush windshield for specific design conditions, the
assummption was made that the impingement would be the sams as that
on a porticn of a aphere having a diameter equal to_ the fuselage
maximm diameter, (See fig. 31.) The manner in which the water—
drop trajectory calculation method for a sphere presented in
refersnce 4 was applled to the configuration shown in figure 31 is
discussed in deteil in Appendix A of this report. The calculated
raote of water impingement on the flush test panel, based on the
rrocedure discussed In Appendix A, 1s presented in table VI for
various drop—size (diameters. The same flight conditions employed
for the flat-plate water interception calculations (table V) were
agalin assuned to apply.

An Irteresting conclusion resulting from an inspection, of
table VI 1s that, for the conditions presented, drop dlameters of
50 microns are required in order to achieve a velue of &y of
sgufficient magriltude to reach the test pansl. This conclusion is
in agreement with the observations of water impingement on the
C—46 flush windshield in icing conditions. The drops were observed
to strike the windshield only during flights for which the
moteorologlcal data indicated the presence of mean sffective drop
gize of 30 microns I1r diometer, or larger. The fact that the rato
of water lmplngement on the flush panel as presented in table VI
decreases with increased drop size is the result of the aszumption
(Appendix A) that the water is uniformly distributed over the area
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of impingemcnt, and means that the orea of impingemont incromses at
a more rapld rate than the woight rate of water impingement. This
rossible error in the valus of the weilght rate of woter implngetent
is considered to be Of. negligible magnitude in view of the small
ammunt of water involved for the drop-size rrnge assumed. .

Establishment of applicability of equetion €13} for the
prediction of windshield heating roquirements,~ The applicability
of equation (13) will now be demonstrated by a comparison of calculated
and measured vqluqs of heat flow in conditions of icing for the flat—
plate, flush, and V—typs windshields. The assumptions and method of
calculation followed are presented in Appondix B, To illustrate the
procedure cmploycd, sample calculations are prosented in dstell for
the flat plete and flush windshield for icing condition 6, tables I
and IIT. An illustrative calculeotion for the V--type windshield is
not included, eincos the procedurs followed wos identical to that
presented for the flat-plate panel.

The calculated valusa of hoatv flow are comnared with the measured
values for the flat-plote and Vetype installetions in tebles VIT and
VIII, respectivoly. . The Tact thet the calculated values 6f ¢ are
lower than the mecsurod velues in table VII and higher in table VIII
mey be attributed, in parht, to the daiffcrent velocity basis used for
the determipnation of - h in coch case. The calculated values - -in
table VII should be more nearly correct since the velocity employed
wvas the local veloclity over the pamel, while in the case ‘of the V-iype
windshield (table VIIT) the airplene speed was used sinco the local
velocimy aver the windshileld was not known ' )

The fow instances in which ic1ng of the flush test panel
occurred providsd very 1imitod data for a comparison of the calculated
2nd measured valucs of the heat flow. The one casé presented as an =~
i1llustration in Appendix B represents the only reliable data,- and
the calculnted valuo was 12 percent greater than the oxporimonbal
value. -

One possible rcasgon for the large disagreemsnt, in some cases,
betwoon the measured and coleunlated valuos of heat flow may be - -
traceable to the assumption, used for all of the ecalculations, that
all tho drops weve of the same sizo. The calculetion of the heat
flow from the flut—plate panel for icing condition 12, table VIT,
will bo used to illustrate the inflvence of drop-sizs dlstrlbution on
the heat flow. The calculated value of 390 Btu pex hour, squore
foot presentod in table VII, icing condition 12, was based on a
uniform drop size of 19 microns, The rotating-cylinder data, however,
indicated o dvop-size distribution defined 28 type E in reference k4.
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Table IX presents the results of calculating the welght-rate of water -
impingement on the flat-plate panel, assuming the water in the free

gtream exlsts in drop sizes corresponding to distridbution E, On this

basis the original welght rate of water impingement (1.91 1b per hr)

is increased to 8.14k pounds per hour. Although this is a sizeable

increase in the amoun® of water intercepted, only g5 (equation (9))

of equation (13) is affected by the increase, and the revised value

of q Ybecomes 1035 Btu per hour, square foot; which, in this case,

provides better agreement wlth the measured value.

i

The assumption of uniform drop-glze distribution in the calcule~
tion of ¢ may also be the cause. of the large disagreement between -
the medsured and calculatesd valués of - q in icing conditions 1L and
T, table VII, Bafsed on the assumption of no drops present larger
than the mean effective dlameter, the weight-rate of weter impinge—
ment in these two cases is found to be zero. The value of q in
table VII, therefore, has been derived for these two conditions on
the assumption of & clear panel with no evaporation occurring on
the surface. If drops of & diameter larges enough to strike the panel
had actually been present in sufficient gquantity to wet the panel,
even partially, the calculated value of ¢ would be considerably

Although these discu551ons are by no means conclusive, they do
indicate the lmportance of drop-size distribution and maximun drop :
size, This factor should be glven conslderation in future deslgn L

calculations,

Baged upon an examinetion of the date in tables VII and VIII,
the cealculation for the flush windshield heat flow in Appendix B,
and a conalderation of the various influwercling factors which cause
disagreement between the calculated and measured values of heat flow,
it is concludod that equation (13) will provide predicted values of
heat flow with an average accuracy of 15 percent if the entire surface
is agsumed or known to be campletely wetted and the local velocity
over the windshield panel ls employed in the calculations., The
accuracy of—the equation iz greatly dependent upon the accuracy of
the values of convective beat—transfer coefficient employed. Tho
dotermination of experimental velues of this gquantity for the
particular windshield configuration proposed would be of conslderable
aid in the accurate prediction of the required heat flow, although
in the absence of such data equations (6) and (7) will supply =
reasoncble approximation. The effect on the accuracy of equation (13)
produced by an srror in the estimation or calculation of the wolght
rate of water Impingemont 1s not large, providsed sufficlent water is
Intercepted by the windshleld to completoely wet the surfuce, Rates _
of water lmpingement less than the value required to wet the surface o e
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affect the .value of s “(equation (8)), "since evaporation over the
entire surrface is mot realized. -For ratet of impingement above. the = -
guantity required for ‘completely wetting the .surface, the valus of

ge vremeins constant and the only term of equation (13) affected is

the value of qg  (squation (9)) which is an item of secordary
magnlitude,

tlons ) :

Having shcwn that equation (13) is applicable for the calculation of
windshleld heating requirements, provided the. various components of -
the equation can be evaluated, 1t is of interest to utilize the
equation to investigate the heat regulrements for varlous windshleld
conflgurations in icing corditions which might be selected as design
requirements. An indication of the métsorological conditions
correspending to typical, or average severity, iclhg and to the most
probable maximm 1éing to be expected in all weather tronsport ,
operations was obtained from & review of vefersndé 9., ¥or each of’
the two generel cloud types’ (curmlus &nd stratus) a liquid water
content was ‘selected which corresporded to a moderate icing coridi-
tion. In the case of the stratus oloud, the value assumed ywes T
0.5 gram pex cublc meter, while the corresponding value for the. o
cumulue cloud was 1,0 gram per cublc meter, Based on the date. in |
figures 6 and 9 of reference 9, values of 15° F, free-sir temperature,
and 15 miorons, drop diameter, were selected for the stratus cloud,
The corresponding values for the cumulus cloud wera OO F and 20 o
microns.

‘The. heating requiremont for the flat-plate, flush, and V-type
windshlelds in the above icing conditions was calculated ty the
methaod presented in Appendix B for airplane speeds of 150 and
300 miles -psr hour, and the results are preserited in table X, From
this table ths previous empiricel heating requirement of 1000 Btu
per hour per square foot of windshield surface (reference 1) is
seen to provide adequate protection Lor V—type windshields in .
moderata stratus for flight speeds as great as 300 miles. per hour.
In the case of the moderate cumulus cloud, however, this quantity -
of heat flow would not bs sdequate even at a speed of 150 miles an
hour. In bravmsport aircraft operations, the most criticsl need for
windshield ice protection occurs during flight in the congested area
surrounding the air terminels. Any icing condition encountered would
be of the stratus typs which would tend to reduce the heating '
requirement, TFor transport operation in mountainous areas, whore
cumulues and stratocumulus predominate and high crulsing aititudes o
(hence low free—air temperatures) are the rule, a heat Yequlre— -
mont of from 2000 to 2500 Btu per hour per asguire foot for speeds
up to 300 miles per hour, is indicated 1F¥ complete and continuous
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proteotion 1s desired, Certainly complete visibility at all times
1 desirable for militery aitrcraft, It is of interest Lo note that
a heat supply of 1000 Btu per hour per gquare foot appears adequate _
for a flush windshleld in all of the icing end flight conditions

assuned in table X, T

In considering the individual contribution of each of the
various metedrological factors.which constitute lcing conditions
to the total heat requirement, the powerful effect of changes in
the value of free~alr temperatupre ls noted. This damirating effect
is traceable to—the fact-that the surface evaporation is greaily
Influenced by tempersture changes, and thils term gz of the general
equatior. ls one of the maJor components, As an 1llustration of this
effect, conslder. the increase in heating requircment (teble X) for
the flat-plate windshield from 540 to 1040 Btu per hour, square
foot as & result of (1) increasing the drop diameter by 5 microns,
(2) doubling the liguid water content, and (3) decreasing the free—
air_tempsrature by 15° F. When equation (13) 1s utilized, 1t can
be shown that the 500 Btu per hour per squays foot lncreese is
composed. of a 1 3-percert increase dus to increased drop size and
liquid water content, and 87 percent due 4o the change in the free— -
air temperature., This fact leads to the conclusion that once the
windshie’.d heat requirement has been.established Ffor & specified
icing conditicon, and when the corndition is assumed to be severe
enough to completely wet the windshleld surface, changes in drop
slze and liquild water content will not change the heating require
nent apmreéciably., A change in free~alr temperature, however, will
have a very noticeable.effect on the heating requirement. It should
be noted that this conglusion 1s at variance with wing heating
requirements because, in the case of wings, runback of the impinging
water ls not desirable and, therefore, sufficient heat is supplied
to ovaporate all of tha water wherever this is practicable. An
indication of tho emount of heat that would be required if this
design procedure were applied +to windshlelds can be obtalned with
equation. (13), Calculations with this equation, based on icing
condition 6, table I, indicate that evaporation of all the water
impinging on the flat—plate panel Iin this condition would require
a heat supply of 19,400 Btu per hour, square foob.

A
[}

i

. ==

External Discharge Windshields

In the introduction of this report the statement was made thatb
measurements were taken in the Jet of the heated-air external-
dilechaerge system in the hope that a basis for the establishmeont of
empirical design equations would result., TUnfortunastely, a review of

s
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- the velocity and temperature profiles measured in the Jet, of which
figures 25 and 26 are typlcal examples, 4id not reveal any basis for
a rational analysis of the mixing of the Jot with the boundary-—layer
alr, and the prediction of the resultart surface~temperature rise,.

A fow ltems of interest, however, were noted during the Iinvesti~
gation. One of these items was. the large amount of heat supply
required for ice protection by the external discharge method in
comparison with intermnal heating of the surface.. For example,

Tigure 15.1llustrates a .flight in which the windshield arsa under

the discharge Jot was maintained clear with s heat supply of 20 000 .
Btu per hour, which is an approximate unit flow of 10,000 Btu per
hour per.gsquare foot.of cleared surface, In the same icing condj-
tion, ice accretions were removed from the flush test penel with a
‘heat flaow of 545 Btu per hour per square foot. (See fig, 15 and
table TIT.) Thus the external dlscharge system required a heat
supply epproximately 20 times that required for the intermally hesated
system, for the same degree of protection in the same leing condition.

The thermal inefficiency of the externalpdischargs system is
apparently the result of rapid mixing of the discharge Jet with the
-cold boundary—layer air, with a resultent rapld decreass in the Jet
and windshield surface temperature as ghown in figurs 25, The
surface temperature data in this figure indi oate & decrease from
160° F at the discharge slot to a value of 4% ¥ at a distance of
only 6 inches from the point of discharge. -

Satisfactory operation of the extsernal—dlscharge system for
ths V—type windshield was not obtalined because of failurs of the Jet
to flow across the entire surface. Figure 20 1llustrates a typlecal
ice~removal attempt, A small ares slong the bottom of the pllot's.
windshield, and alsoc at the center post, has been cleared by the Jet
but the remainder of the panel is covered by an ice fcrmation.
Attempts to raise the surface temperature by increasing the flow
rete and temperature of the heated air were limited by the temperaturs
réstrictions of the vinyl plastic at the lower edge of the windshield
(reglon of maximum temperature), The external-discharge system of '
windshield ice prevention appears to be a desirable installation only
in those instences where (1) intermal heating is not possible, ’ :
(2) the discharged air will flow over the windshleld without requiring
the addltional welght penalty of blowers, and (3) & larze supply of
heated sir ls available in the. region of the wipdshield to be -
protected. . —
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CONCLUSICNS

" ThHe Tollowing conclusions are based on the analytical studies
.-arid test data of this report and should be applicable to windshield
_ configurations end icing conditions similer to those invostigated:

1. The coefficlent of- convectlive heat tranafer for the external
surface: of & V—type or flush windshield can be approximated with
accuracy sultable -for design purposes by the use ‘of the established
equatlions for turbulent flow on & flat plate.

© 2, The heat requirement for ice prevention on a flush or
V—-typs alrplane windshield during flight in specified lcing condi-
tions can be calculated o) ah acouracy of 20 percent

3, Ihe oomplete and continuous preventiOn of ice accrotioqs on
© the surface of a V-type airpl&ne windshield, for flight in modsrate
cumwlous icing conditions' at speeds up to 300 miles per hour, will
requlre a heat flow from the surface of from 2000 to 2500 Biu por
hdur per square foot of ‘surface. In the case of continuous flight
for the same speed range in modorste stratus conditions, a heat
flow of 1000 Btw per hour per square foat should prove edequate,

L, Ihé complete and continuous prevention Qf ice acqretionﬂ
on tke surface of a flush~type airplane windshield located well aft
of the fusselage stagnation reglon, for & spsed range up to 300 miles
an hcur in stratus and moderate cumulous conditions, can be obtained
with a heat flow of 1000 Btu per hour per square foot of surface.

. 5. Thé tendency df ice to accrete on windshieldﬁ which are
instélled flush with the fuselage contours is considsrably less than
that for V;type windshlelds. }

: 5.' The external discharge system of wirdshield thermal ice
prevention 18 thexrmally ineffioclent and requires a heat supply
approximately 20 times that required for an internal system having

the same performancs.

7. Windshield installations which conform to the fuselage
contours are more adaptable to the use of the exter:al discharge
system than V~type installations becaiise the heated jet will flow

naturelly over the windshield surface, .

Ames Aeronautlical ILaboratory,
Natlonal Advisory Comuittee for Aeronsutics,
Moffett Field, Calif,

b
[
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APPENDIX A

Method Used for the Determination of the Rate
of Water Impingement for the Flush Test Panel

The cross sections of the C~U6 sirplane fuselago consisted of
two clrcular gectlons separated by the floor line, the upper sectlon
being the greater., The entire flush windshield sssembly was included
between two stations which were located 23.5 and 50.5 inches, respec—
tively, from the noss of the fuselage and are designated as stations
A and B, respectilvely, (fig. 31). The flush test panel was located
in the copilot'a windshield as shown by Tigurss 3 and L,

A sphere represexts. the bost form for which streamlines and
water—drop trajectories are now known (reference 4) and which would
have approximately the same rate of water implngemenis as the front
of the fuselage., For calculatione & sphers was gelected with a
vadius equal to the maximum radius of the fuselage. The relative
location of the flush test pansl on this sphere is shown in figure 3.

Water intercepted by the svhere.— The proJjected area of the
sphere is used with the impingement efficieﬂcy to datermlne the Weight
rate of water intercsption:

w = 0,225 L Uomenc (19)

where
C the redius of the sphers, feet

Weight rate of water intercepted per unit of impingement aresa ,—
The weight rate of water intsxrcepted by ths sphere divided by the
surface ares over which the water droplets impinge glves the average
rate of impingement over the area of impingemant

The equatlion for the impingement area ls:

A; = 2rC2(1 — cos By) (20)
where .

a

M half the centra} angle of the total ares of impingement on &

spherical surface
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Therefore, the weight rate of water intercepted per unit of impinge— .
ment ares may be written: m -
25C ) o
M = 0,225 i Uy m .
: . 100 2nCZ (1 ~ cos 6y} .
which may be reduced to the form, - . ) — e
U m
] : 100 c(:L - cos sﬁ) B : e
Weight rate of water intercepted by the flush test panel.—
The agsumption was mads that, for water—drop sizes of sufficient )
diameter to cause the area of impingement to includs the flush ’ceat
panel, the water intercepted per unit area of the panel would be - -
-approximately equal to the average welght rate of water intercepted
over the area of impingement, Omn the basis of thls assumption, the
followlng equation was written: S ©o
- oL ST e EE R
w = 0.225 NUom A (22)
, : 100 C(l ~ cos Gy) -

whers . . .. .- .. - - - . o : : —
A the ared of the flush test panel, 1.16 square feet

Caloulated values of wateér impingement on the flush test panel
for various water-drop sizes are presented in table VI,

L
.

i [ EELRT

L

i b
I3 o+
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APPENDIX B

Calculations of the Heat Requlremsents on the Flat-Plate
and Flush Test Windshields for Icing cOnd_:Lt:Lon_6

I. gggt.reguiremant for the flat—plate windshield.-

A. The Tollowing essumptions were made:

33

1. The water intercepted by the windshileld 1s the sams as that

intercepted by & ribbon with en area equel to the

projected area of the windshleld. (See reference 4 and

figure 20,)

2. The water that is interceptsd by the wi‘dsh4eld‘panel is
heated to the surface temperature and then all, or in

paxrt, evaporated,

3. The windshield surface is completely wetted.

4, There is a rogion of alr stagnation at the leading edga

of the panel

5. Tha air flow over the windshield is turbulent.

B. The conditions for illustration are the seme as icing condl—

tion 6, table I:
1. Pressure sltitude: 12,700 £t
2, Alrplane trus asirgpeed: 140 mph

3. Free—stream alr temperature: —E F

b, Liquid water content: - 1.0 gram/cu meter

5. Vatoer—drcp dlamnbor: bl microns

6. Drop-size distribwtion: uniform

7. Heated area of panol:y S 1.hg sé Tt

8. Convectivse heat—transfer coefficients baged on test data

taken at the genter of the panel and tne average value_

ofs—-168f‘«...
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9. Panel angle with the fuselage: 450
10. Meen surface temperature of thé panel: 36° F

C. External convective heat=trensfer coefficlent., Since ths
local velocity was measured only-at the center of .the flat-
plate panel and equation (15) (Discussion} gives the == - .
- experimental convective heat-transfer coefficient at the o
_center of the panel, a conversion factor was needed to
-convart the coefficlient at the center of the panel to an
average value for the entlire heated area. By substituting
2a for 1 ‘in.equatian (7) and equating the two equations,
the average coefflclent was found to be 1.1 times the
coefficient at the center of the. pansl Therefare, by using

“equation (15) for this case: ) e
n —:Llyoh6T°'s(U7)‘8 o

Toy = '362‘2 + 160 = 477° F absolute L

U, = 106 » 1,467 = 156 £t/aec

M

Ty v= 00,0525 1bjeu fE- . : e R

therefore B L
n = 17.3 Btu/hr, sq £t, OF | | o

D, Rate of water impingement, equation (10):

0.02 T, 2p
m —= -
° 100 lOO ©7 A . - L TnoLT=

The percentage of water intercepﬁed is obtalned fram curves
pregsented in reference 4 after values of K and @ have been
calculated from the equations of that refersnce: = . -

T ' e
K= —2—-71"-—-—-—('?- = 1,21
Sugb : _ T R
L b . : -
= 872U0 = 1,14—8 X 104’ T

7 e L e



FACA T No.. 143k , 35

where
74  Specific weight of the water dropé, 1 gram/cu o
7 specific walght of the air, 8.22 x 10~ gramé/cu cm
a radiue of the water drop, 0,0022 cm
b projected height of windshield or nalf of ribbon width,
1.5 x 30,48 x cos 159 = 32.3 om
U, olrplene speed, 6,250 cm/sec o
g accelesration dus to gravity, 980 cm/sec, gec
i gbaolute viscosity of air, 1.69 X ld_?'grém goc/sq cm |
. For thess values of X and ¢ tho impingement efficlency is

equal to 43 percent, and the equetlon for the rate of water
impingement becomes: o ~ '

1.49 X coz 45°
1h9

M= 0,205 3 .43 205 %

X 1 = 14 1b/hr, sq £t

W

|}

MA = 20.9 lb/hr

E. Calculation of the factor X, eguation (14):

0.622Lg (e o)

X =14+
cp Py (tgto)

For the sample conditions

s
]

g = 10Tk Btu/lb at t = 36°F

o, = 0.240 Btu/ib, °F
P, =18,55 in, Hg
e, = 0,212 in, Hg

<D
i

o = O-O)-J-O ino Hg
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a
ty = 367 F
= 00 )
ty = 2 F : _ - : i
Therefore _ ' - —

=1+ 0,675 = 1.675 ) I=

F, Heat required at the outer surface of the flat—plate panel for
ice prevention, equatlon (13):

2 —
= hX (Tt} +M(tg— 832 h xf. _
2 (tgto) M (tg—t,)-0.832 100 o
=17.3 x 1.675 x 38 + 14 x 38 — 0.832 ¢ 17.3 x 0.89 (2.05)2
= 1580 Btu/hr, sq £t ~=
G. Temperature of the panel sur*ace required to evaporate all the
water Intercepted:
Equating the equetion of mase transfer (equation (8) without
the latent heat of vaporization) to the welght rate of water i
impingement, the difference in vapor pressurses requlired to
evaporate all the water intercepted is first determined: S
70,6228 '
h <) 20,9 1b/hr
G Yooy o9 o
As a flrst approximation, h can be teken as the previously _
calculated valus of 17.3 Btu/hr, sq £t, °F,
then - —_—
]
8g~0, = 5.8 in, Hg S
oy = 5.84 in, Hg = 148,3 mm Hg (saturationj
therefore, ' _ : o - “_fiifif

= 139° F -




NACA TN No. i3k | 37

For this value of te,, h is recalculated to be 17 8 Btu/hr
sq £t, °F o

Therefore,
ey, = 5.97 in. Hg
"e_: = 6,01 in. Hg = 153 m Hg

g

§ = :1nOF
B _ _ _
H., Heat required at the outer surface of the pansl to evé.porate '
all the water interccepted with no wate¥ rurback or blow—off,

h = 17.8 Btu/hr, sq £t, °F
M = 14,0 1b/hr, sqg ft
=11°F

X =T7.0

g = 17.8 % 7.0 x 141 + 14,0 % 141 —~ 56 = 19,400 Btu/hr, sqg €t
I¥, Heat requiremsnt for & flush-type yindshield.- The msthod

of calculation and the easswnptions made were gimilar to those used for
the flat—plate windshield. .Icing condltion 6, table I, is again
sslected for illustration. For the flush-tyoe windsh:.eld. the
assumption was made thet the water intercepted by ths windshileld is
squal to the water. intercepted by & portion of a splesre with a
radius equal +6 the maximum radius of the upper half of the fuseloge.
(See Appendix A, and fig, 31.) —
¥ . °
A, External convecdtlve heat—transfer coefficient, Since the
flush windshield test ponel did not deviate from the Tuselage
contowrs, the distance from the stagnation reglon at the
nose of the fuselage to the center of the 'panel was utilized
in equation (6), to determine the convective heat—transfer _
coefficient. , =

: 0.8
_ 0.3 Uy

Ty = ¥75° F, abaclute ’ .
Uy = 190 fi/sec

7 = 0.0525 1b/cu Tt

) 5,0 £t . ;

]
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Therefors,

h = 1L4.8 Btu/hr, sq £+, °F

B. Rate of water impingement, equation (22), Appendix A, The

percentage of water intercepted wae obtained from curves
progented in reference 4 after the following values of K
end ¢ had been calculated:

X = 0.2h2
© = T7.5x 10*

then
n = 3 percent

and.
16°

The central angle 6y = 16° does not represent-an impinge—
nent area extensive enough to include all the area of the
fiush windshield (fig. 31), yet test observations_indicatod
that during icing condition 6 ice tended to form aver tho
emtire windshield surface, For this reason, 6g = 27. 59
was substituted for 6y in equation (22). The weight rate
of water impingement was determined by the equation:

e
100 C(1 —cos 6p)

By =

M= K = 0,225 = 2.3 1b/br, sq £t

Calculqtion of the factor X, equation (14)

x=l+o622Ls<a -—e) 1+0633=1633

ty, = 33°F .
t, = 2°F
Ly = 1075 Btu/lb

Q
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0.2% Btu/1b, °F

Q
]

o
H

s = 0.1878 in. Eg _ .
= _O.'Oﬁ- in. Hg _ : T e

(]
i

[e]

D, Total heat required at the outer surface, equation (13).
q = 1h,83¢ 1,633 % 35 + 2,3 % 35 — 0.832 31 1%,8 x 0.8{2,05
= 88k Btu/hr, sq £t -
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TABLE I.- METEQROLOGICAL AND FLIGHT DATR, C-146 AYRPLANE, WINTER 1945-k6
. Liguid | Meen. | ambisnt- i
Toing Pressure | True water air ]
condition ﬂﬁ%ﬁ; Date |Time jaltitude | airspeed jcontenml aipmober | CooRore— Remaxrlks
1 31 | 3/e9/u6 [1116{ 8,000 160 0.2 10 - | cumilis clouds _
o2 3L |3/e9fu6 |[1628 | 11,650 180 5 18 17 | cumplonimbus clouds |
3 33 13/31/86_ J11k7 | 8,300 170 9.1 10 18 curalus clouds 1
L - 23 |3fe/6 [k 10,350 | 135 7 1 %11 to 20 6 {ocumius clowds - |
5 23 {3/e/%6 |15:16 | 11,500 | k5 B [%04030 ] -5  }oumlus clouds . I
6 .23 f3/2/h6 {1548 | 12,700 | 140 1,0 |18 to 4 -2 cumzlus clouds '
' 8 ] . stratus and strato-
_7 39 [h/8/k6 |1k13| 9,000 160 5 n 2h it ol
8 36 | h/8/46 151 8,700 | 160 2 -+13 - 06 ggﬂﬂmu; gg%uggrﬂtqjéi
9 W5 fyfe5/h6 11656 | 10,300 170 .2 18 20  eltogtratus clonds |
' ~ T larpest drop size- |
[ ' ) . [incurre(}. :
10 o J4/eo/m6 E1i2l | 9,1h0 165 .7 23 9.5 | cumlonimbus clowds:
1n ho Lh/eg/h6 11132 | 8,930 165 2 20 11 cumilonimbus clouds |.
12 kg {4feg/h6 11355 | 10,600 | 160 1.h " 1gm 5 cumzloninbus clouds :J:

content incurred

largest 1iquid waterj

Cyaximum drop diameter

NATIONAL ADVISGTY ,
COMMETTEE FO? AERONATTICS
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TABLE IT.— METEORCLOGICAL AMD FLIGHT DATA
- C-46 ATRPLANE, WINTER 19kG-irf

Icing © g :ﬁe Tiquid erﬁﬁ_ Am:—iznﬁ Maximum Dio—
zgﬁ'{l* ilwibgl;: Date 'T:'tme aliszﬁ veiji..:o- vater |- tiye tom— drop size tri- ﬁ&;narksi .
: ! (feot) Y |content| drop Peré— iimicrons) |P% |- .
L |pumbgey. (mph) [(em/m®) |d1amoter | ture . {eion
R o (microns)| (°F)
13§ 78 |.efef|iosr| 6,780 | 163 |07 | 1k 1.2 | - D - |cvmnlus
W | 83.] 2/5/k7|12k3} 19,500 | 150 | .32 | oh a2 | - ¢ |Alto stratus
15 { 95 [3/10/k7|1630] 11,500 | 167 | .64 | 19.2 23 - 1A |cumlus
16 '95_ 13/10/l7 16k0{ 11,000 | 165 | .bb | 16.4 23 — A |Cumidus . 7
17 | 100 |3/26/7) 1155) 10,840 | 164 | .12 | 10.k o1.1 | 13 ¢ {Stratus
18 | 105 |[3fer/by| 02| 5,080 | 62| .39 | 13 18.5 | 14 B |Stratocymlus
19 iaz 3feLfuT| 1kl 5,000 | 152 | .3h 15 19.3 19 B |Stratocumulus
20 | 105 |3feifur|1hag| 5,150 | 162 [ .57 | 17 21.0 | 27 E- |Stratooumulus
21 | 105 |3/21/W7| 1433 4,980 { 156} .37 19 21.2 15. D’ |Stratocumylus
22 | 105 {3/21/h7| 1505 5,190 | 168 | .41 20 20.8 18 E |Stratocumilus
23 | 105 |3/eafbr| 1512 5,150 | 151 | .30 | 22 19.3 23 E [Stratocumlus
2k | 105 {3/21/47| 2528 4,500 | 161 | .26 | 12 22.0 16 E |Stratocumulus

KATTCRAS ANVTCCLY
COM IITTRE FC! 7 CRAUTTCS

ax

‘ON NI VOVN

— 11

_ hent

| -
-

. . - -



TABLE ITT.— RESULTS OF FLIGHT TESTS OF INTERNALLY HEATED WINDSHIELDS, C-46 ATRPLANE

WINTER 1945 — L6 WINTER 19h6-47
Flat—Plate Panel Flush Type V—Type -
Surface Surface . Burface q
Condition! Panel |tempera— (Btu/hr tempera—- (Btu/hr Condition | Wind— [tempera—|(Btu/hr
number |engle|ture (°F)| /sq £t)ilture (°F)|/sq £t)! Remarks nuwber | shield jture 8q ft)| *Remarks
1 30 50 1520 , 37 - 27h ]Heat supply adequate! 13 Co~ 45 1740 |Heat supply .
: E pilot's ._ladegquate
2 30 | 39 120 |i 28 2T | aneieba Soa BES1{ 14 [Pilot's| 27 | 1030 [Hest eupply|
: -"- 5 ously,formed remov— ;'l nageguate
. | i ing ““F.W. clear ' : i
| 5 F.T,P.hoat supply | 1 Heat supply
3 30 60 | 1230 |} 3L 0 19 P15 Co— w1 93
} | [%gequa’?em%ﬁlghb ice ; pilot's adequate
; f heat supply ol - . '
- : , Co—""1 i ‘Heat suppl;
L | 45 37 ! 910 | 23 . 280 igea: supp:lty ageqm:ej 16 1ipﬂo’c:s! b7 920 &ggwtgp y
: "Hcat sunply adequato. : Heat suppl,
b5 ho : 1630 E 27 565 . vjsibleFiE"‘g.%ack on 17 Pilot's; M1 430 adequatgp v
. { * i 2t n.Ue : N
' ; i ly inade— -
6 45 i 36 120 || 33 780 3gggzu§§ry °:£°m* 18 IPtlot's| 38 630 Ei?’;hggply
! ‘ windshields : inadequate
7 60 ]l 59 1220 || 50 | 218 |Heat supply adﬁquatei 19  Ipilot's] 39 630 . Eﬁ_ﬁ_‘;hii‘;iply
| i -1 inadoquate
¥
] Heat supply not Co~ Heat supply
8 60 48 6ho I 49 218 %uite ade%uato to ’ 20 pilot! s‘ 39 670 adequate
: v, F.W. clear | :
: Lo—
9 60 ! 53 38 545 {Heat supply adequate poel pilot'e| 39 g0 IH aégl;ugply ]l
i i : - H t suppl
10 60 i k7 j1270 |f 26 0 |Heat supply adequate) 22 ng;t, sl 39 680 Mggquatgp yi
! o Hoat supply mot | Co— | |Heat supply
11 60 | 23 1190 a7 0 |quita aﬁ’q’fme : ‘ 23 pllot's 38 | 680 adequate
i ico Teliny Tormed
| and. Juwmed i {
Heat supp!y adequa’oel Co— o)y Heat supply
1260 koo 1235 2l ° lies s1idizg off PR CAR PP | 90 sLightly
- - x- o NaGequUsts
1F.P.P.— Flat-plate panel 2F.W.— Flush-type windshiolds | NATTONAT. ADVICO Y

COMMTTTTE FO” AR

AET.ONAUTTCS
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TABLE IV,~ RESULTS OF FLIGHT TESTS OF 4

HEATED~ATR

EXTERNAL DISCHARGE SYSTEM FOR WINDSHIELD ICE

PROTECTION.

C-46 AIRPLANE, WINTER 1945-46

BICING CONDITION 4

Heat supply slightly in-

edequate. Windshield o
clear over three—guarter: o
area of heated Jet. D

Alr-flow‘rate,590 1b/hr
Nozzle air temperature, II.4'7CJ Foo oo
¥ozzle air velocity, 106 mph ST

+ Nozzle air temperature,

" ICING CONDITION 5

Heat supply adequate.

Windshield cleur in the '

area of the heated jet. |

Air-flow rate, 460 1b/hr

Nozzle air velocity, 140 mph

" Heat supplied, 21,000 Btu hr :

118'70 B ,, ,‘ Nozzle air temperature, 190 R

ICING CONDITION 6

-Beat supply inadequate
for complete clearance
' ‘of windshielde

Air-flow rate, 470 1b/hr

il Nozzle air velocity, 150 mph
.Heat supplied, 22,000 Btu/hr -

Hoat; supplied”, 18,200 Btu/hr ) u
x5ty gty ] '!,l
e Cn e
To | e | m i
3 75 69 ff
s | owm s
9 41 35 _
12 36 30 b
15 32 26
- 18 32 26 b
21 51 25
24 30 24

iy

Condltlons presented in tablaHI.H

X Y Tg=%o ‘ '..;l x ts ts~to
(in) | -(oF) | (oF) ” (in,) | (°F) | (°F)
0 187 - | 187 o 0 190 162 |
3 96 96 ql f 3 83 85

6 71 71 | 6 62 84
9 54 54 :.hf 9 46 18
12 a7 47 i'lt 12 40 a2
15 20 80 “ 15 $ 33 35
18 40 0] et 18 30 32
20 | %9 39 tot 21 25 27
24 . 34 34 3 24 22 24

P ?.: . TATTOTAT. ATVYCQ Y

b Aveilable heat in jet above ambiont-oir temperature
l
|

cor o™ ROT AT TONAULTCT
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TABLE IV.— CONCIUDED., RESULTS OF FLIGHT TESTS OF A HEATED-

ATR EXTERNAL DISCEARGE SYSTEM FOR WINDSHIELD ICE
PROTECTION C-h6 ATRFLANE, WINTER 1G45-46

ICING CONDITION 9

Heat supply adegquate.
Windshleld clsar.

Adr—flow rate, 470 1b/hr
Nozzle air temperaturs, 192° F
Nozzle alr velocity, 138 mph
Heat supplied, 20,000 Btu/hr

x| ot gty
(in.) | (B) | (°F)
0 .y %2 | 172
3 - ’ 62 ho
6 : 55 | 35
9. | I3 23
12 ! 3"{' i 'l"'f
RN R B
T B A 1k ,
21 } 33 | 13
2k 30 | 10

ICDW: CONDITION 11

Heat supply sdequate.
Windshleld clear.

Air—flow rate, 330 1b/hr

Nozzle air temperature, 178° P
Nozzle air velocity, 86 mph
Heat suppliied, 13,000 Btu/ar

X ’ tg ‘ ta-to
(in.) (°F) (°F)

0 178 ; 168

3 | - 70 % 60

6 53 b3

9 42 32
12 38 23
15 36 26
18 28 8]
21 3L _21} 'i
2l 35 1 o5

ICING CONDITION 12

Heat supply adequate.
Windshield clear.

Airn-flow rate, 300 1b/hr
Nozzle air temperaturs, 182° F
Nozzle air velocity, 86 mph
Heat supplied, 13,000 Btu/hr

i {in.) {°r) {°F)
0 182 | 180 |
3 3 i 771!

| 6 51 | 55t

L9 3 30 |

|12 38 36

5 15 34 32

' 18 33 3L

21 30 28
ok | 31 29

NATTONAL ADVISOY
COMMITTEF FO” AETONAUTTCS
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TABLE V,— CATCULATED VALUES CF WATER INTERCEPTED BY A FLAT-PIATE PANEL
BASED ON DATA CAICULATED FOR RIBBONS, REFERENCE L.

d.i];:rng{er wict | a2e10® Panel ia.ngle (5001r Panel angle 1"1#50 Panel a.ngle__30°
microns K {perdent) )(1b/br) K |1 {{(Io/er) ! X |0 !(bfe)
10 5 25 |0.057 0 0 0,07 | © 0 e.l | o} o
20 10 100 | .18 1 Bh o 227] 2 1.0b | .32 54 1,84
30 15 225 | .51 15 9.6 625120 | 10.k 88t 32 11,8
50 25 625 1.4 L3 28,8 [1.73 |50 [26.1 |2.M4 | 60 | 22.1
100 50 | 2500 [5.65 73 (6.6 [6.93 175 139.0 [5.8 |80 |29.5

Pressure altitude, 10,000 £t Area of panel, 1.4Q eq ft

True alrspeed, 150 mph Aalf width of ribbon = pa.ne} length x cos a
Ambient-air temperaturs, 09 F  Averege value of @ = 2 X 10

Liquid water content, 1.0 gn/m®

HEHT "o NI VOUN

FEITORAL AWTFOY
COMMITTSR FO™ A7 ORApTrof’ | !
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NiCA TN No.
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TABLE VI.—~ CALCULATED VAITES OF WATER IMPINGEMENT
ON A FIUSH WINDSHIEID PAWET., BASED ON DATA

CALCULATED FOR SPHERES, REFERENCE 4

Flush Flush
test _test
Drop Sphere | panel, panel,
dismeter [(percent)| €y w M v
{microns) . "(3b/hr){ (1b/hy | (1b/hr)
. i sq £%)
20 o 0° o o 0
30 <1 30 1 8 o 0
50 3 16° 5l 7.2 8.k
70 8 128°| ww 1835 | 7.4
100 5 450 | 270 (4,76

Pressure altivude, lO 000 £t

True ailrspeed, 150 mph

Ambient-air tempersature, 0° F

cp=11x105

= half of -the .central angle

of the totel area of impingement
on a spherical surface
Liquid weter content, 1.0 gm/m®

L7

-NATIONAL ADVISQ™Y
COMMITTEF, FO AR ONAUTTCH



TABLE VII.~ COMPARISON OF CALCULATED AND MEASURED
HEAT FLOW FRCM THE SURFACE OF THF FLAT-_PLATRE
PANEL. C-46 ATRFLANE, WINTER 1945-h6

.| Icing |[Pansl | Mean Calou~{ Calcu- Calcu— Calcuy~— Experi—
Condi~ |Angle | Surface | lated | lated. | lated lated mental :
"~ tilon |From Tamper- 1 W h ae L' dc—aE qc_qu 100
Fumber |Fuse— | ature (%) (1v/br) | (Btu/br, | (Btufhr, | (Btu/he, dc
lage : . s¢ £t/°F)| sq £/°T) | sq £1/°F) =
1 30 50 0 0 27.§ 890 1520 ~630 ~71.0
2 30 39 9.5 2.1 30.k 1210 12h0 F 1 30 2.5
3 30 60 0 0 30.2 1180 1230 - -50 4.0
4 %5 37 3.5 | L5 | AT.7 730 ‘510 | -180 —ek.6
5 h5 Lo 20.5 8.26 18.3 145k 1630 176 T -l2.l
6 45 36 | 39 19.0 | 17.3 1580 1720 | ~1k0 8.9
T 50 59 0 0 16.0 500 1220 720 ~1hk -
8 60 L8 0 0 16.0 660 640 20 3.1
9 60 53 45 6.44 1k.9 1250 1205 45 3.6
10 60 k7 5 2.7 14.8 1100 1170 -70 6.4
¥ 11 60 53 2.5 0.35 1.9 1300 1190 110 -8.5
12 60 ko 2.0 1.91 15.6 890 1235 ~3h5 -35.8

CO:TOPTST FCT AW (RAUTTCS
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TABLE VIII.~ COMEARISON OF CALCULATED AND MEASURED HEAT FLW FROM THE SUHFACE (o
‘ THE V-TYPE WINDSHIELD, C—46 ATRELANE. WINTER 194647,
| £
Mea Mean  |nalou-{caleu—| cateu— | Calcu- (Experi- =
Teing " linside ~ 14
gurfa lated [1pted [leted h¥ [ lated  [mental [ %79
condi~ | 3 ann1614 | tompare. (EUEBCE [0 (UEL NEe e o - | =% 200 Remaries E
tion }m tompera—| (e (lb{' Csq £t/ | (Btafar, (Btv{hr, . 5
mber (5§ (0F}  Icent) | hr) qOE) gg )| sq T%) N
. : ' , : i Hoat -
13 | copllotts | 15 73 0.1 jo.0% | 35 | 290 | 1740 8.4 g e &
ik | Pilot's 27 21 9.0 [1.8% | 21.5 130 | 1030 23.1 inndequate. h
Y - L VRO L R L . L 4 A o~ | ~er | A0~ ~me o I : Heat Bupply
i5 Copiiot's 4O Ozt 3.3 [ #D 2fak 732 afel adequete
L. +
16 |copiiot's | A7 63 1.0 11.03 | 23.3 1120 920 17.8 Eggqug‘ggl’”
1T | Pilotta b1 51 o o 205 | 730 | 30 41.0 gﬁﬁ;ﬁ%ﬁm f
N - - | Heat supply !
'18 Pilot's 38 50 0 0 .30.0 860. 630 .26.8 glightly ]
; . inadeguate !
_ . _ . T Heat supply " /
19 | PFllot's 39 51 A | .07, | 28.6 875 630 28,0 | slightly
: . : _ : inadequate
20 [copilot's | 39 53 |11 (143 | 301 8o | 670 20,0 E‘;;z;u;‘ggl’” ;
| 21 jGepllotls | 39 53 |22 |78 | 29.5 80 | 60 | 193 | neoete™
- . . Hoat supply |
22 | Copilot's 39 55 3.6 |3.45 30.9 883 | 680 23,2 adequate v [
23 | Copllot's 38 5k b9 (3.2 28,8 855 680 20.5 gg‘;;u;;gw /
Heat aupply
ok | copilot'ts 35 50 0 0 31,4 570 190 14,0 glightly =
quate 0

h* Tncluded the offect of edge losses calculated by the emperical equation bh* =

h + 0.
T eEnT R C Y
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'I’ABLE IX.—. A CALGUIATION OF THE Amom OF WATHR K
 INTERCEPTED BY A FLAT-PIATE PANEL USING THE ' .
. 'DROP-STZE DISTRIBUTION, ' ICING CONDITION 12 —
Liguid -Liqu_-tci ' ‘
vater | yater |D1OIaad| o w
content ntent .‘u Or Y . ont b /hr
(percent)| (gm/md)| F (om) [(pezoen ).(l /. )
5 0.07° | 0.23 ,.4.19 0 0
10 .1k A | ona8 o 0
20 ,28 65 | 6,18 o 0
. 30- b2 | 1,00 | as] e 0,571
20 .28 1.48 14,08 -- 13 2.by
10 Ak | 2,00 |1g9.0] 30 2,855
T 5 .07 | 2,71 |25.8| k47 2.2k . i
\I_ l.. . .:Loor l‘.ll-o — — ' - ner L] 8.136-! 1 .; - .
T @'= 2,66 x710° S i -
Baged on mea.n—~effective drop d.iameter of 19 microns -
. 8g = 0.0009% cm . . T 2
v = 1,91 1b/hy : - _ I
a = 890 Btu/by, sq £t
Ba.sed on d.rop—size d.istribution E , -
2 =811&lb/hr I
¢ = 1035 Btu/hr, sq £t _ . S Coomete T
© Experimental data ot =
¢ -=.1235 Btu/hr, sq £t - - oo

A ot L b

Water drop-size distyibution and pefcentages of
liquid water content were obtained fram reference k.

o
[

e b aw

T . '.i*;.:“. el ik : <
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TABIE X.— CALCULATED MINIMUM WINDSHIELD HEAT REQUIREMENTS FOR A
MOTERATE ICING CONDITION IN TWO TYPES OF ICING CLOUDS,
BASED ON AN ASSUMED DROP-SIZE DISTRIBUTION E

. i i ':
Condi-- | Gemeral | et Liguig | Peasw & gy visdoniold | ﬁﬁﬁam} vindetold
i | e[t loontont | amop atea | (PER Loty g e
‘ (°F) | (gnfw”) | (microns) ‘ ; squft)’ ' .Bquftl)" ! sq_uf‘l:)‘1
T Stratus : 15 0.5 l 15 150 1 540 0 ' 675
T | Stratus ‘ 15 .5 : 15 0 560 410 700
I | Comitus g 0 1.0 ; 20 i 150 , 1040 800 1o
11 | Cumulus ; 0 1.0 ; 20 { 300 ; 1630 1120 2100
Pressure altltuds, 10,000 £t

External surface temperature, 32

nQ =
i

Pancl angle from the fuselage, 25°

FATTCRAL ADVIFOTY
COMIITTEE FO™ AR ONAUTICS
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Figllre lu"‘

The C-46 airplane as equipped for icing research flights

in the winter 1945-46.
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Pigure 2.~ The C-46 airplane es equipped for icing res

earch flights in the winter 1946~47."
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NACA TN No. 1434 57

ELECTRICALLY HEATED FLUSH

WINDSHIELD \

THIN METAL
HEATING STRIPS

Figure 3.- Adjustable flat-plate windshield and flush windshield panel.






NACA TN No. 1434

Figure 4.- Electrically heated flush windshie'ld panel,
viewed from the exterior of the C-46 airplane cockpit.
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NACA TN No. 1434

(a) side view.:

{b) Top view.

Figure 5.- V-type electrically heated windshield
installed on the C-46 airplane. :
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£"SPACING é
5
CO-PILOTS FLUSH-TYPE WINDSHIELD FLAT ©
WINTER 1945-486 J;NT‘ég.TE\sAPsA-‘REL'

* ® o
x ¢ %
2’ SPACING — ™= &
— G re—B"
_\; . . ﬁk
&

CO- PILOTS HALF V-TYPE W IND SHIELD , WINTER 1248-47

NATIONAL ADVISORY

“_8'——'"3&""“ ETC. COMMITTEE FOR AERONAUTIGS
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x
x
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o

~

e &t 340 ETC
PILOTS HALF V-TYPE WINDSHIELD , WINTER 19468-47

FIGURE 6 — SKETCH SHOWING THE THERMOCOUBME LOCATIONS ON
VARIOUS WINDSHIELD CONFIGURATIONS USED ON THE C-48 ARPLANE







NACA TN No. 1434 65

Figure 7.~ Single panel from the V-type windshield installation.: Heating
was provided by transparent, electrical-conducting film under outer
glass layer.
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NACA TN No. 1434 87

-t. FORMED CN
INHEATED PORTIGNS

HEATED AR SUPPLY " T

FROM SECONDARY

Figure 8,~ Details of external discharge heated-air ice-prevention system for
flush windshield of C-46 airplane.
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VELOCITY OVER WINDSHIELD , MPw

110

V50

130

"o

70

FIGURE 8.— COMPARISON OF AQIRPLANE VELOCITY AND THE UELOC\TY

TRUE AR SPEED,

MPW
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FLAT- PLATE F 1 NATIONAL ADVISORY
PANEL 4 COMMITTEE FOR AERONAUTICS
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30 1,4] 130 150 \To 190 2\0

OVER FLAT-PLATE PANEL AND FLUSH-TYPE WINDSHIELD,
C-46 ARPLANE , WINTER 1945~48
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HERT TRANSFER COSFFICIENT, | BTU/HRSQFL,*F

. T H 7
L |
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NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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o o 120 140 180 \80 200 220

TREUE &l SPEED MeH
FIGURE 10.—~ VARIATION OF DRY AIR HEAT TRANSFER COEFFICIENT WITH AlR SPEED
AND ALTITUDE ON FLAT PLATE PANEL SET 30°* FROM THE TANGENT
TO THE f‘USELPlGE. C-48 AIRPLANE , WINTER 1345 ~-48
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FIGURE I .~ VARIATION OF DRY AIR WEAT TRANSFER COEFFICIENT WITH AlR
SPEED AND ALTITUDE ON THE FLAT-PLATE TANEL SET 450 FROMM THE
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HERT TRANSFER COEFFICIENT, h BTU/HRSAFT,F

a0

%0
r_'___ + _—-"‘" m FT

EO ‘—A’_—."--‘ N /s lap—-"-corh B

|~ © T = 4,800 l-‘r_J
|o ‘—_—:4 | o] L : !
-“"’#/""—1
" L l |

cout‘grwnmums

(s I I 1

8o 100 120 uo 0 8o 200 220

TRUE AIR SPEED ™MPBH

FIGURE 12—~ VARIATION OF ORY AR HEAT TRANSFER COEFFICIENT WITH AR SPEED
AND ALTITUDE ON THE FLAT-PLATE PANEL SET 680° FROM THE TANGENT

TO THE FUSELAGE. C-46 AIRPLANE , WINTER 1945 -46,
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NACA TN No. 1434

(a) In icing conditions. Time, 1549.

(b) Immediately after leaving icing conditions.: Time, 1551.

Figure 13.- Flush windshield of C-46 airplame during icing
condition 6, table I, with inadequate heat supply to the

external discharge system for the pilot's panel.
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NACA TN No. 1434 _ 75

TIME 1650 TO 1720
PRESSURE ALTITUDE 10,300 TO 10,600 FEET
TRUE AIR SPEED 170 TO 150 MPH
AMBIENT AIR TEMPERATURE 20 TO 17.5°F
LIQUID WATER CONTENT A5 TO .3 GRAM/M?
MEAN EFFECTIVE DROP SIZE— 50 TO 20 MICRONS
HEAT SUPPLIED TO PANEL 1205 BTU/HR FT?
HEAT SUPPLIED TO WINDSHIELD ——— 525 BTU/HR FT2

Figure 14.- Sketch based on photographs and flight engineer's notes
of ice accretions on nose and windshields of C~-46 airplane after
icing condition 9, tsble I. Panel angle 60° with the fuselage.
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T 15
T ol

ounfill

A

(b) In icing conditions, removel continued. Time, 1706.

Figure 15.~ Windshield of C-46 airplane during icing coﬁdition 9,
table I, showing removel of ice accretions from the electrically
heated flush panel, right side, and the external discharge area,
left side.-

7






NACA TN No. 1434

(¢) In clear air, removal completed. Time, 1720.

(d} Ice formation on g-inch-diameter rod during the
icing run.-

Figure 15,- Concluded.
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NACA TN No. 1434

Figure 16.,- Windshield of C-46 airplane after a flight in
icing conditions in which there was no tendency for ice
to form on the windshield, Ice accretions shown formed

on'%-inchrdiameter rods beside windshields; icing

conditions 10  and 11, table I.-
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FLIGHT NUMBER 3I TIME 1116
PRESSURE ALTITUDE 8,000 FEET
TRUE AIR SPEED 160 MPH
AMBIENT AIR TEMPERATURE 14 °*F
LIQUID WATER CONTENT .2 GRAM/M3
MEAN DROP 'SIZE 10 _MICRONS

HEAT SUPPLIED TO PANEL 1520 BTU/HR FT?
ICING CONDIT!ION NUMBER 1|

FLIGHT NUMBER 31 TIME 1628
PRESSURE ALTITUDE 11,650 FEET
TRUE AIR SPEED . 180 MPH
AMBIENT AIR TEMPERATURE 17 °F
LIQUID WATER GONTENT .5 GRAM/M3
MEAN DROP SIZE I8 MICRONS

HEAT SUPPLIED TO PANEL 1240 BTU/HR FT?
ICING CONDITION NUMBER 2

FLIGHT NUMBER 33 TIME 1147
PRESSURE ALTITUDE 8,300 FEET
TRUE AIR SPEED 170 MPH
AMBIENT AIR TEMPERATURE 18 °F
LIQUID WATER CONTENT .9 GRAM/M3
MEAN DROP SIZE . 10 MICRONS
HEAT SUPPLIED TO PANEL 1230 BTU/HR FT2
ICING GONDITION NUMBER 3 NACSA

A4 Q 981

Figure 17.- Ice accretions formed on the flat-plate windshield of the
C-46 airplane during icing conditions 1, 2, and 3, table I.- Panel
angle 30° with the fuselage.: T
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FLIGHT NUMBER 23 TIME 1454

PRESSURE ALTITUDE 10,380 FEET
TRUE_AIR SPEED 135 MPH
AMBIENT AIR TEMPERATURE 6 °F
LIQUID WATER CONTENT .6 TO .8 GRAM/M3
MAXIMUM DROP SIZE 11 TO — MICRONS

HEAT SUPPLIED TO PANE

L 910 BTU/HR FT?
IGING GONDITION NUMBER 4

FLIGHT NUMBER ‘TIME 1516

PRESSURE ALTITUDE II,SOO FEET
TRUE AIR SPEED 45

AMBIENT AIR TEMPERATURE 05 'F
LIQUID WATER CONTENT: .3 TO 1,2 GRAM/M3
MAXIMUM DROP SIZE 20 TO — MIGRONS

HEAT SUPPLIED TO PANEL IGSO BTU/HR FT2
IGING GCONDITION NUMBER B8

FIﬁIGHT NUMBER 23 TIME (548

SURE ALTITUDE 12,700 FEET
RUE AIR SPEE 140 MPH
AMBlENT AIR TEMPERATURE -2 °F
LIQUID WATER CONTENT .6 TO |.4 GRAM/M3
MEAN DROP SIZE 18 TO 44 MICRONS
HEAT SUPPLIED TO PANEL 1720 BTU/HR FT®
IGING CONDITION NUMBER € NACA
Y

Figure 18.- Ice accretions formed on the flat-plate windshield of the
C-46 airplane during icing conditions 4, 5, and 6, table I. Panel
angle 45° with the fuselage.-
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FLIGHT NUMBER 49 TIME 1121
PRESSURE ALTITUDE 9,140 FEET
TRUE_ AIR SPEED 165 MPH
AMBIENT AIR TEMPERATURE 9.5 °F
LIQUID WATER CONTENT .7 GRAM/M3

MEAN DROP SIZE
HEAT SUPPLIED TO PANEL
IGING CONDITION NUMBER 10

23 MICRONS
1170 BTU/HR FT?

FLIGHT NUMBER 49 . TIME 1132
PRESSURE ALTITUDE 8,900 FEET
TRUE_ AIR SPEED 165 MPH
AMBIENT AIR TEMPERATURE I{ °F
LIQUID WATER GONTENT .2 GRAM/M3
MEAN DROP SIZE 17 TO 44 MICRONS

.HEAT SUPPLIED TO PANEL
ICING CONDITION NUMBER 1|

1190 BTU/HR FT2

FLIGHT NUMBER 49 TIME 1155
PRESSURE ALTITUDE 10,600 FEET
TRUE AIR SPEED 160 MPH
AMBIENT AIR TEMPERATURE 5 °F
LIQUID WATER GCONTENT 1.4 GRAM/M3
MEAN DROP SIZE 19 MICRONS
HEAT SUPPLIED TO PANEL 1235 BTU/HR FT2
IGING CONDITION NUMBER 12 A:VOI;C";

12-11-46

Figure 19.- Ice accretions formed on the flat-plate windshield of the
C-468 eirplane during icing conditions 10, 11, and 12, table I.
Panel angle 60° with the fuselage.






NACA TN No. 1434 89

Figure 20.- V-type windshield of C-46 airplane during flight
in iecing conditions showing unsuccessful ice-removal
operation of external discharge jets over pilot's pamel,
with heat supply of 18,000 Btu per hour.:
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Figure 2l1l.- Typical ice accretion on V-type windshield
without any heat supplied.

Figure 22.- Ice accretions formed on V-type windshield of
the C-46 airplane during icing conditions 15 and ;6f
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(a) In icing conditions. Time, 1140,

(b) In clear air, ice removed, Time, 1215.°

Figure 23,- Ice accretions formed on V-type windshield of the
C-46 airplane during icing condition 17.
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TEMPERATURE DIFFERENCE BETWEEN JET AIR. STREAM AND AMBIENT AR, °F
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